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ABSTRACT
Methods for Engineers to Understand, Predict, and Influence
the Social Impacts of Engineered Products
Phillip Douglas Stevenson
Department of Mechanical Engineering, BYU
Doctor of Philosophy
Engineered products can impact the day-to-day life of their users and other stakeholders.
These impacts are often referred to as the product’s social impacts. Products have been known to
impact the people who use them, design them, manufacture them, distribute them, and the communities where they exist. Currently, there are few methods that can help an engineer identify,
quantify, predict, or improve a product’s social impact. Some companies and organizations have
tried to identify their impacts and, for example, set goals for achieving more sustainable business
practices. However, engineers, in large part, do not have methods that can help improve the sustainability and social impacts of their products. Without new methods to help engineers make
better product decisions, products will continue to have unanticipated negative impacts and will
likely not reach their true social impact potential. Engineers working in the field of Engineering
for Global Development (EGD) are especially in need of methods that can help improve the social
impacts of their products. One of the purposes of creating products in EGD is to help solve problems that lead to improved quality of life for people and communities in developing countries. The
research in this dissertation presents new methods developed to help engineers understand, predict,
and improve the social impact of their products. Chapter 2 introduces the Product Impact Metric, a
simple metric engineers can use to quantify their products impact on improving the quality of life
of impoverished individuals in developing countries. Chapter 3 introduces a method that engineers
can use to create product-specific social impact metrics and models. These models are used to
predict the social impacts of an expanded US-Mexico border wall on immigrants, border patrol
officers, and local communities. Chapter 4 shows a method that allows engineers to create social
impact models for individuals within a population. Using data available through online databanks
and census reports, the author predicts the social impact of a new semi-automated cassava peeler
on farmers in the Brazilian Amazon. In Chapter 5, the author presents a method for engineers to
optimize a product according to its social impact on multiple stakeholders. Inspired by existing
literature on multi-stakeholder decision making, eight different optimization problem formulations
are presented and demonstrated in an example with the cassava peeler. Chapter 6 presents the
author’s experience in co-designing a semi-automated cassava with the Itacoatiara Rural Farming
Cooperative. The peeler was designed and built by the author and is used as the example in Chapters 4 and 5. Finally, Chapter 7 shows the conclusions the author has in completing this research.
Comments are made as to the difficulties encountered in this research (specifically data quality and
validation), and the author makes suggestions of possible future work.

Keywords: Product social impacts, predictive modeling, multi-stakeholder, co-design
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CHAPTER 1.

INTRODUCTION

Engineered products can influence the quality of life of individuals, communities, and society [1]. Mechanized farming equipment has led to higher yields and improved food quality [5,6].
Improved cookstoves have helped people in developing countries who cook with biomass to improve cooking times and reduce indoor emissions [7]. In contrast, advanced farming equipment
has been known to increase mental stress in farmers [8] and while improved cookstoves can reduce indoor emissions and improve cooking times, low levels of continued adoption have greatly
reduced their potential impact [9]. Similarly, other products such as electric vehicles [10], motorcycles [11], border walls [12], IoT products [13], and autonomous technology [14, 15] have the
potential to impact the quality of life of people around the world. Although the impacts of these
and other products have been observed in the past, the role that engineers might have in influencing
the impacts of their products has yet to be fully explored.
Many prominent engineering organizations understand and promote the potential that engineers have to positively impact society. The First Fundamental Principle of the American Society
of Mechanical Engineers’ Code of Ethics of Engineers is that “engineers uphold and advance the
integrity, honor and dignity of the engineering profession by using their knowledge and skill for
the enhancement of human welfare” [16]. Similarly, the preamble of the Code of Ethics for the
National Society of Professional Engineers affirms that “engineering has a direct and vital impact
on the quality of life for all people” [17]. These organizations cement engineering’s responsibility
in positively impacting society into their identity and purpose.
For the purpose of this dissertation, the effects and influences that a product has on the
quality of life of people, community, and society are known as social impacts [18]. To help understand the different possible social impacts that a product might have on users and communities,
a team of engineers and social scientists explored existing literature on observed social impacts,
complied lists of social impacts, and product impact studies [1]. The findings were used to identify
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11 different categories of social impact. These categories are impacts on: population change, family, gender, education, paid work, stratification, healthy and safety, human rights, social networks
and communication, conflict and crime, cultural identity and heritage [1]. These categories can
assist engineers begin to understand the social impacts that their products can have.
While it may be clear that products affect people’s lives, it is less obvious how a product’s
social impacts can be improved. Currently, even if engineers know that social impacts are important to consider in the products they design, it is common for organizations and companies to have
limited methods or metrics to help guide engineering decision-making [19].
Without clear methods for identifying and improving social impacts, engineers are reduced
to using a trial and error approach where products are designed and distributed without fully understanding its potential social impacts. In some cases, this approach can be high-risk and unethical,
especially when there is potential for harm or negative social impact to the product users or others
in the community where the product is used. This is especially true for products designed to solve
problems in developing countries (such as in the field of Engineering for Global Development)
because individuals have less resources to spare and less access to other products or resources. For
example, a product that has negative health and safety impacts would be more severe for people
who have limited access to healthcare than for people who have ubiquitous access to healthcare.
Therefore, the need for understanding a product’s social impacts is even greater within the
field of Engineering for Global Development. According to Engineering for Change (an engineering organization founded by ASME, IEEE, and Engineers Without Borders USA to support
sustainable development around the world), the purpose of Engineering for Global Development is
“to improve the quality of life of under-served communities around the world through the design
and delivery of technology-based solutions” [20]. In this field, engineers must ensure that their
products and the decisions they make improve existing conditions and quality of life. In this field,
it is common to work with local experts or communities in some capacity to help understand the
problem that is being solved and create a product solution.
The purpose of my research is to create methods that engineers can use to recognize the
social impacts of their products and improve a product’s social impacts through the careful and
informed manipulation of key engineering parameters. This includes creating new methods and
processes that engineers can follow to identify a product’s social impacts, predict and quantify the
2

Table 1.1: Research questions addressed in this dissertation and their relevant chapters.
Research Question
How can a product’s general social impact be measured?
How can specific product social impacts be identified and modeled?
How can specific product social impacts be identified and modeled at the individual-level?
How can products be optimized for their social impact on multiple stakeholders?
How can products be designed and implemented with stakeholders in another country?

Relevant Chapter
2
3
4
5
6

product’s social impacts, and purposefully design a product to improve its positive social impacts
and mitigate potential negative social impacts. Through understanding, predicting, and influencing
a product’s social impacts with predictive modeling and careful design, engineers will be able
to have a greater positive social impact on the cultures, communities, families, and individuals
influenced by their products.
Research in this dissertation focuses on how engineers can influence the social impact of
a product before it is manufactured and distributed. It builds on existing research in the social
sciences, where social impacts have been assessed for social programs and policies a posteriori for
many years [21]. The existing research from social sciences has been helpful in understanding what
social impacts might be expected, but new approaches were needed to help engineers anticipate and
quantify a products social impacts before it is distributed, a priori. The research in this dissertation
did not extend to the assessment of a product’s social because of time limitations and the amount of
resources required for such a study. For a product social impact prediction and assessment study to
be conducted, the researcher would have to design a product, predict social impacts, manufacture
the product, distribute the product, and have it used for an extended period of time before the final
social impact could be assessed. The research in this dissertation gives an engineer the ability to
conduct such a study because social impacts can be identified, predicted, and improved using the
methods presented in this work.
Furthermore, the research presented in this dissertation can help demonstrate that a product’s social impacts can be a new dimension of engineering design that can be understood and explored. Manipulation of key engineering parameters can result in different outcomes for the social
impact of a product. Once social impact models are created, a product’s social impact can become
a new design space dimension that engineers can explore in the design of new products [22].
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Figure 1.1: Phillip Stevenson and Dr. Mattson testing the cassava peeler on a farm outside of
Itacoatiara, Amazonas, Brazil.

The next five chapters of this dissertation highlight the published works of the author,
Phillip Douglas Stevenson. Each chapter is focused on answering a specific research question,
see Table 1.1. Chapter 2 introduces early work on creating a universal metric of social impact,
Chapter 3 shows a method to identify and predict social impacts, Chapter 4 shows how to make
social impact predictions for products at the individual-level, and Chapter 5 introduces a method
to optimize a product based on its social impact on multiple-stakeholders. Chapter 6 is slightly
different in that instead of presenting a general method, it chronicles the approach that was used
to co-design a cassava peeler with a farming cooperative in the Brazilian Amazon, see Figure 1.1.
The cassava peeler is used as the example product in Chapters 4 and 5. In addition, the methods
introduced in chapters 3, 4, and 5 build on each other to form an overall method to create social
impact models, calculate social impacts, and influence a product’s social impacts, see Figure 1.2.
Chapter 2, Toward a Universal Social Impact Metric for Engineered Products That Alleviate
Poverty, introduces the Product Impact Metric (PIM) a metric created by the author to quantify a
product’s social impact. Based on the Multi-Dimensional Poverty Index, the PIM combines scores
for a product’s impact on health, education, standard of living, employment quality, and security
into a single comparable value. In this chapter, the social impact of motorcycles on motorcycle
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Figure 1.2: The methods introduced Chapters 3, 4, and 5 build on each other to create an overall
method of understanding, predicting, and influencing the social impact of products.

taxi drivers in the city of Itacoatiara, Amazonas, Brazil is assessed. This paper was published in
the Journal of Mechanical Design in April 2018 [11].
In Chapter 3, A Method for Creating Product Social Impact Models of Engineered Products, the author presents a method for creating product-specific social impact metrics. Using information typically collected in the product development process, the engineer can identify a product’s
social impacts and create predictive social impact models. This paper was published in the Journal
of Mechanical Design in November 2019 [12].
Chapter 4, Creating Predictive Social Impact Models of Engineered Products Using Synthetic Populations, the author presents a method engineers can use to create predictive social impact
models that allow the prediction of social impacts on individual product users and stakeholders.
Using granular micro-data, these social impact models can be sensitive to the differences between
each person in a population and predict unique social impacts for each individual. This paper is in
final review to be published in the journal Research in Engineering Design.
In Chapter 5, Optimizing Engineered Products for Their Social Impacts On Multiple Stakeholders, the author demonstrates how individual-level social impact models can be used to optimize
a product for multiple stakeholders. The author introduces eight unique optimization problem formulations inspired by the principles of multi-stakeholder strategies introduced in economics and
5

business management literature. This paper is currently in final preparation to be sent to the Journal
of Mechanical Design.
In Chapter 6, The Co-Design of a Semi-Automated Cassava Peeler with the Itacoatiara
Rural Farming Cooperative, the author shares his experience co-designing products with members
of the Itacoatiara Rural Farming Cooperative in the Brazilian Amazon. The chapter details the
decisions made over the past four years, including the work conducted on four different research
trips and the development of the cassava peeler. General conclusions from the experience are
shared to help others learn from the author’s experience in co-designing a product with people in
another country.
Finally, Chapter 7 presents the conclusions from the author’s work and research. Suggestions of potential future work and extensions of the author’s research are given.
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CHAPTER 2.
TOWARD A UNIVERSAL SOCIAL IMPACT METRIC FOR ENGINEERED PRODUCTS THAT ALLEVIATE POVERTY

2.1

INTRODUCTION
In 2014, nations around the world collectively provided $161 billion in development aid for

developing countries [23]. This includes the projects and programs that engineers are involved in,
and has increased progressively throughout history. It is believed that this work changes the lives
of people around the world, but measuring its impact has been difficult – yet needed to improve
the engineer’s ability to positively affect society [24].
Aside from the use of engineering safety factors, traditional product evaluation tools are
not designed to measure the social impact of engineered products. Initial metrics for social impact
created by industry use both qualitative and subjective quantitative data [25]. As engineers, we
tend to prefer data that is quantitative and usable within established laws and equations. Currently,
there is no standard metric that measures the social impact of engineered products in this manner.
The purpose of this paper is to introduce a metric for engineers to assess and quantify the social
impacts of their products.
The metric presented in this paper is called the Product Impact Metric (PIM). It quantifies
an engineered product’s impact on impoverished individuals. It organizes multiple dimensions of
impact, and compiles them into one score that can be compared for a variety of products or design
alternatives. The dimensions of measurement are health, education, standard of living, employment
quality, and security. By measuring all of these dimensions of impact, the PIM reveals anticipated
impacts and unanticipated impacts. The PIM is meant to measure the social impact on people
who are deprived of these essential necessities. It is important to recognize that the social impact
measured by the PIM is a function of the product and the consumer [26]. Thus, a social impact
of the same product can vary for people in different life situations. For example, a device that

7

gives people clean water will have a greater impact on people who do not have clean water than
for people who already do.
Products produced by social entrepreneurs would benefit from a social impact metric.
These products are often evaluated by how they affect their consumers and other people involved in
their business [27]. Although having a sustainable revenue is still an important factor, the primary
basis for decision making in a social entrepreneurial setting is driven by improving underdeveloped
social conditions. Product categories that a social entrepreneur might target are water, sanitation,
energy, transportation, health, education, and safety, among others. The types of assessment tools
for these product categories are often more subjective and less valued by people trained in engineering.
The field of sustainability has brought to light the importance of measuring social impacts.
Of the three pillars of sustainability – economic, environmental, and social – social sustainability
has received the least attention from industry, possibly because it is the least developed [28]. The
results of this can be seen in housing development. Abandoned towns in China, Mongolia, and
Egypt were developed without focusing on the essential social infrastructure and conform to an
unsustainable model of requiring residents to change their social, historical, and cultural conditions
[29]. While the necessity of creating products that are socially sustainable is evident, there is no
consensus on a cohesive method of determining if a product is socially sustainable or not [28–
30]. Indicators of social sustainability can be classified as lower-order, basic human needs, or
higher-order, self-actualization, but in all cases, they still need to be selected for measurement [28].
Ultimately, the metric chosen to characterize social sustainability influences how well a designer
can determine their product’s social sustainability.
The need for a social impact metric is essential, yet not trivial because of its complexity.
Creating a metric is nontrivial because products have both anticipated and unanticipated impacts.
For example, when people gain access to clean drinking water not only do they gain access to one
of life’s greatest necessities but simultaneously see a decrease in the prevalence of disease [31].
Likewise, when people gain access to clean cooking and heating fuels they are able to spend less
time collecting firewood while also decreasing their risk respiratory illnesses [32,33]. Additionally,
the more education a woman receives, the better off her children will be [34, 35]. Contrarily,
negative impacts (such as decreasing crop yields) can result when products disregard religious and
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community rituals [36]. These unanticipated impacts may not be known and can be missed if the
correct indicators are not considered.
Another source of difficulty comes from cultural differences between the engineer and
consumers. When the engineer has a different culture, understanding the consumer’s point-ofview can be difficult. Culture influences people’s perception of a product’s value. For example,
someone might buy a product simply because it is a “cool, American invention” [37]. This can
skew impact results that are based on the number of users and revenue from a product. Metrics
that track impacts on a personal level are less prone to cultural bias than metrics considering just
the number of people influenced or products sold.
Engineers are typically untrained and unfamiliar with assessing the social impacts of a
product or program [38]. Although emerging engineering topics, such as energy justice, are beginning to acknowledge the relationship that products have with social issues, engineers still tend
to focus on product capabilities to estimate a product’s success or failure [39]. A product’s impact
and success cannot be determined by its functional capabilities alone (many products with excellent functionality have been abandoned by consumers) [38]. In the case of improved cookstoves,
they may have improved efficiency, but stoves that neglect the consumer’s behavior and environment are often not adopted by the consumer [40]. Similarly, success cannot be evaluated based on
social impact alone. Other impact areas, such as financial and environmental, should also be considered when developing a product [41–43]. Managing the tradeoffs between these impact areas
adds to the complexity.
The United Nations Environmental Programme details the methodology they use to create
social impact metrics [44]. However, the methodology presented in the report requires the designer
to customize the metric for each product. A designer must identify the stakeholders and impact
categories before measuring a product’s impact [44]. To simplify measuring a product’s social
impact, when using the PIM to evaluate a product’s social impact, a product designer uses the
same metric to measure any product from the perspective of any impoverished stakeholder. This
is possible because the PIM is measured on the individual level and is built on the framework of
the UN’s Multidimensional Poverty Index (UNMPI), a single metric that applies to all developing
countries.
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In order to enhance the abilities of engineers, we suggest that new metrics for measuring
product social impacts are needed. These metrics may be specific to a single product, or abstract in
order to measure various types of products simultaneously. The measure introduced in this paper
(PIM), is meant to be a universal metric so that it can be used for all products. By taking a general
and not specific approach, the accuracy of the PIM is knowingly decreased (it is less likely to show
the full depth of a product’s impact). Nevertheless, we make this choice for two specific reasons:
so that products can be compared and because it mimics the form of the highly usable UNMPI that
has been easily understood and applied for years.
In presenting the PIM, the remainder of the paper is organized as follows, Section 2.2
explains the origin of the PIM, Section 2.3 introduces the PIM equations, Section 2.4 introduces
important considerations when using the PIM, Section 2.5 using the PIM for determining the
impact of motorcycles in a small Brazilian town, and Section 2.6 is the conclusion.

2.2

The UN’s Multidimensional Poverty Index
The PIM is inspired by the UNMPI. The UNMPI was created by the United Nations De-

velopment Programme (UNDP) and was first part of the Human Development Report in 2010 [45].
The UNMPI measures a population’s level of poverty. This is done by analyzing survey data in
three specific dimensions: health, education, and standard of living. The UNDP chose these dimensions because they are widely accepted as measures of poverty, but also because these are the only
dimensions that had sufficient data for the underdeveloped countries that the UNMPI measures.
The PIM shares these three dimensions with the UNMPI and adds two more: security and
employment quality. These two additional dimensions were among those that the UNMPI creators
wanted to include in the UNMPI but inadequate data at the national level prevented them [46–48].
Other dimensions similarly omitted from the UNMPI were not included in this study because of
their reliance on highly qualitative data. They are agency and empowerment, psychological and
subjective wellbeing, and ability to go about without shame [49–51].
Some PIM calculation methods are changed from the UNMPI. A majority of the changes
made are associated with making the PIM more sensitive to incremental changes in the data. The
dimensions in the UNMPI are binary, in that they are either satisfied or not. The dimensions of the
PIM are normalized between zero and one, zero meaning they are completely deprived and one
10

meaning they not impoverished. In this way, when a product causes indicator values to have an
incremental change, the PIM score will be able to measure it.
We acknowledge that there is risk in adapting the UNMPI metric, which was designed to
characterize national-level poverty and using it to characterize individual-level poverty as we have
done in this paper. There is also risk in adding dimensions to the poverty characterization as we
have also done in this paper. Nevertheless we believe the risk to be minimal for the following
reasons: (i) The dimensions of the UNMPI are collected by the UN at an individual level, and later
aggregated to characterize national-level poverty. (ii) The dimensions that we have included are
additions to the UNMPI recommended by the UN, but not implemented due to insufficient data
across all nations, which disables it for the UN’s purpose of nation-by-nation comparison.
The UNMPI was an essential building block for creating the PIM. We started with it because it is globally recognized, debated, and refined. We have confidence that this makes the PIM
a metric that can be used by people familiar and unfamiliar with social impact because interpreting
UNMPI scores does not require training or significant explanation. By learning from the UNMPI and other insight gained from literature and our experience, we believe the PIM captures a
necessary multidisciplinary perspective.

2.3

Proposed Metric
The equations that make up the PIM follow here accompanied with clarification of the

calculation methods. The calculations are organized by measurement dimension as well as the
consumer’s characteristics.

2.3.1

Mathematical Relationships
The equation for the Product Impact Metric,
PIM = Mi − Mi−1

(2.1)

includes the multidimensional poverty level before (Mi−1 ) and after (Mi ) the introduction of the
product. In this way, the PIM measures how the product affects the consumer by determining
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the difference in a consumer’s level of poverty. It can be either positive or negative, reflecting a
product’s positive or negative impact on the consumer.
It is important to recognize that Eq. 2.1 comprises two distinct but related metrics: M and
PIM. M is a measure of an individual’s poverty level, while PIM measures the change in an
individual’s poverty level over a certain amount of time.
The multidimensional poverty level,
1
M = (H + E + L + Q +Y )
5

(2.2)

includes the following measurement dimensions: health (H), education (E), standard of living (L),
employment quality (Q), and security (Y ). All of the dimensions (H, E, L, Q, Y ) are scaled to
be between zero and one, thus making them equally weighted. To preserve universal comparison
from product to product across many researchers, we strongly discourage weighting these factors
differently without explicitly acknowledging it to be a weighted PIM. This measure is meant
to be universally useful to all products and by adding weights to certain dimensions, it becomes
favorable of certain products and thus less universal.
In developing M, two possible methods of combining these dimensions were explored,
using a geometric mean and an arithmetic mean. The arithmetic mean was selected because of
certain drawbacks of the geometric mean. When using a geometric mean, if the person is deprived
of one dimension, the entire M score is zero, regardless of the other dimensions. An arithmetic
mean allows a dimension to equal zero without forcing M to be zero. If a product has some
negative impacts but the total PIM score is positive, the negative impacts will be evident when
taking the difference of before and after the product introduction for each dimension and can be
conscientiously assessed individually. By identifying the dimensions with a negative impact, the
product can be changed and improved to increase its positive impact.
In many ways M characterizes the life conditions of those in poverty, which may at times
seem disconnected from the product features controlled by the design team. However, some products and their features can change the life conditions of those in poverty. For example, the design
of outdoor nighttime lighting can have a direct impact on the security of an individual who would
otherwise need to access the area in darkness [52, 53]. The features of the design, such as the
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lumens produced, quality of light distribution, and battery life directly affect how well the product
improves one’s security.
As introduced in this paper, the PIM characterizes the change in M, and can be attributed to
a product when M is assessed before the individual has access to the product (Mi−1 ), and assessed
again after the individual has had access to the product for a period of time (Mi ). For the PIM to
be meaningfully attributed to a product, Mi−1 must be assessed immediately before the individual
gains access to the product. Thus, the change in poverty level will be evaluated for the full time
the individual was exposed to the product. Furthermore, to be a realistic assessment of a product’s
impacts, the PIM must be adjusted by the PIM of a control group that does not have access to the
product over the same period of time. This more realistic assessment is represented by Eq. 2.23,
and discussed more deeply in Section 2.4.3.
The Product Impact Metric accounts for impacts in these five dimensions of measurement
(H, E, L, Q, Y ) because they are simple to measure and indicative of a person’s level of poverty
[46, 54]. Each dimension is made up of sub-dimensions, marked with carrots ([ ˇ ]), that include the
field measurements and standard measurements. Field measurements are collected directly from
the consumer, such as their weekly working hours. Standard measurements, such as the national
poverty line, can be collected from online databanks or other legitimate sources of national and
regional data. Some of the values of the standard measurements can be found in Table 2.1. Each
sub-dimension follows the form,


Num


, Num < Den


 Den
[ ˇ ] = 1,
Num ≥ Den





0,
Num ≤ 0, Den ≤ 0

(2.3)

in order to normalize its value between zero and one. The calculation of each dimension is completed by finding the average of the sub-dimensions.
Some of the standard measurement values used in calculating the PIM, namely acceptable sanitation facilities per family (nt f α ), water distance maximum (dwα ), acceptable years of
schooling (nlα ), average good BMI (sBMIv ), and malnourished BMI (sBMIa ), are taken from what
USAID and Centers of Disease Control and Prevention currently use as their standard acceptable
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values [55, 56]. When these values are updated by these organizations, the standard measurements
in the PIM should also be updated. These standard measurements are the same globally. This is
consistent with USAID and CDC practice. There are a few acceptable limits, however, that are
treated on a region-by-region basis when calculating the PIM. These are the regional poverty line
(myo ) and average regional working hours per week (hkα ).

2.3.2

Measurement Dimensions
As the PIM can measure all different types of products, the measurements were chosen

in a way to assist in data collection. Five guiding principles were established on how the data
for the PIM could be collected easily, affordably, and quickly. First the field measurements must
be simple enough that they can be collected in a survey in one sitting, not needing observations
throughout a day. Second, measurements should not measure impacts that are directly related to
only one product type, such as water contamination levels. Third, the consumer should be able
to answer the survey without having to reference other materials, referencing an energy bill to
determine kW · hr used in a month. Fourth, the measurements should include minimal subjective
opinion and judgment from the engineer and consumer. Lastly, all measurements must be scalable
from a person who is completely deprived to a person having an acceptable level.

Health
The equation for health is,

H=



 1 (Ň + B̌), Has children dependents
2

Ň,

(2.4)

Has no children dependents

where Ň is the subdimension for nutrition and B̌ is the subdimension for child mortality. Their
equations are
Ň =

sBMIv − |sBMIv − sBMIr | − sBMIa
sBMIv − sBMIa

(2.5)

nc − ncb
nc

(2.6)

where the
B̌ =
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Table 2.1: Standard measurements used in the calculation of the PIM.
Standard Measurements

Values

Health (H)
Average good BMI (sBMIv )
Malnourished BMI (sBMIa )
Education (E)
Acceptable years of schooling (nlα )
Standard of Living (L)
Water distance maximum (dwα )
Acceptable sanitation facilities per family (nt f α )
Hours maximum of electricity (heα )
Monthly income poverty line (myo )
Employment Quality (Q)
Average regional working hours (hkα )
Security (Y )
Total number of protection parameters (n pα )
Total number of exposure parameters (nxα )
*

21.75*
16*
8*
200 m
1
168 hrs
Regional
Regional
5
5

For adults

and the equation for the number of children (nc ) is,
nc = ncz + ncb

(2.7)

Health includes measurements for the average healthy body mass index (BMI) score (sBMIv ), the
measured BMI (sBMIr ), malnourished BMI score (sBMIa ), number of children (nc ), number of child
deaths (ncb ), and the number of living children (ncz ), see Tables 2.1 and 2.2 for standard field
measurements. A BMI score includes measurements of height, in meters, and mass, in kilograms.
The equation for calculating BMI is, sBMI = weight/height2 . In Ň, the BMI scale is the same for
all adults but changes throughout a child’s life. Children have lower BMI scores than adults and
so their healthy and malnourished BMI scores are also lower. The values of (sBMIv ) and (sBMIa ) can
be found in growth charts produced by the Centers for Disease Control and Prevention [56]. The
healthy BMI score, (sBMIv ), is the 50th percentile and the malnourished BMI score, (sBMIa ), is the
5th percentile.
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Table 2.2: Field measurements used in the calculation of the PIM.
Field Measurements
Health (H)
Height
Mass
Measured BMI (sBMIr )
Total number of children (nc )
Number of living children (ncz )
Child deaths (ncb )
Education (E)
Children in school (ncl )
School aged children (nclg )
Individual’s years of schooling (nql )
Standard of Living (L)
Clean Fuels (nyα )
Dirty Fuels (nyβ )
Sanitation facilities per family (nt f )
Water distance (dw )
Hours with access to electricity (he )
Monthly income (my )
Employment Quality (Q)
Weekly working hours (hk )
Weekly work hours lost due to injury (hk j )
Security (Y )
Number of protection parameters (n p )
Number of exposure parameters (nx )

Calculated Measurements
Measured BMI (sBMIr )
Multidimensional Poverty Level (M)
Product Impact Metric (PIM)

Education
The the equation for education is,

E=



 1 (Sˇc + Sˇq ), Has children
2

Sˇq ,

Has no children
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(2.8)

where Sˇc is the sub-dimension for child schooling and Sˇq is the sub-dimension for the individual’s
level of schooling. Their equations are
ncl
Sˇc =
nclg

(2.9)

nql
Sˇq =
nlα

(2.10)

Education measurements are the number of children in school (ncl ), the number of school aged
children (nclg ), the years of schooling of the individual (nql ), and the acceptable years of schooling
(nlα ). Tables 2.1 and 2.2 specify which are standard or field measurements.

Standard of Living
The equation for standard of living is,
1
ˇ
L = (F̌ + Ť + W̌ + Ě + I)
5

(2.11)

where F̌ is the sub-dimensions for household cooking and heating fuels used, Ť is the subdimension for sanitation access, W̌ is the sub-dimension for clean water access, Ě is the subdimension for electricity usage, and Iˇ is the sub-dimension for income. Their equations are
F̌ =

nyα
nyα + nyβ

(2.12)

nt f
nt f α

(2.13)

dwα − dw
dwα

(2.14)

he
heα

(2.15)

Ť =
W̌ =

Ě =

log my
Iˇ =
log myo

(2.16)

Standard of living measurements are the number of clean fuels used in the home (nyα ), the number
of dirty fuels used in the home (nyβ ), the number of sanitation facilities per family (nt f ), acceptable
number of sanitation facilities per family (nt f α ), maximum acceptable distance to an improved
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water source (dwα ), the distance to an improved water source in meters (dw ), the number of hours
of electricity per week (he ), maximum hours of electricity per week (heα ), monthly income per
capita of the family (my ), and the national poverty line (myo ). See Table 2.1 for details about the
standard measurements and Table 2.2 for the field measurements.
In F̌, dirty fuels are those that produce large amounts of smoke, like biomass, coal, and
others. Clean fuels are those that do not have high emissions such as propane. Burning dirty
fuels in improved cookstoves that lower household emissions within a similar range to clean fuels,
are counted clean fuel. Electricity is also considered a clean fuel because there are no household
emissions.
For Ť , an acceptable sanitation facility is one that can be visited in private, is free of feces,
and has few flies. This follows the standards set out by the United States Agency for International
Development (USAID) and other organizations [55]. USAID guidelines state that facilities that are
in the open and bucket latrines do not count as sanitation facilities. If bucket or container latrines
are maintained by a sanitation service, it is considered a suitable sanitation facility for the PIM.
Approved water sources, in W̌ , also follow guidelines set by USAID [55]. If a water source
is a maintained source of clean water, like a well, piped water, or a public fountain, then it should
be counted as a water source. Unimproved water sources include rivers, streams, and lakes and are
not counted. If an improved water source is know to be contaminated, it is not counted as a water
source.
Hours of electricity, he in Ě, is the hours of plug-in electricity that the home receives. This
can include power from a battery or generator if it is a reliable source and can produce power
sufficient for more than just lighting.
ˇ is the per capita income of the family. The incomes of all
The monthly income, my in I,
members of the family are included. The national poverty line should be taken from a reliable
source such as a government or employment website and should be on a monthly scale. The log
function is used in the income sub-dimension equation so that as an individual who has less money
is more impacted by an increase in income than someone who already has a higher income. The
same log function is used in the UN Human Development Index to scale the impact of increasing
income.
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Employment Quality
As employment quality is not included in the UNMPI, a new equation for employment
quality was created, and is,
1
ˇ
Q = (Ř + J)
2

(2.17)

where Ř is the sub-dimension for hours of employment and Jˇ is the sub-dimension for work related
injuries. Their equations are

Ř =



hk



hkα ,



Independent or Dependent, Able

hkα −hk
hkα , Dependent, Not able, Working





 hkι ,
Dependent, Not able, Not Working
hkα



hk −hk j


, Independent or Dependent, Able


 hk
Jˇ = hk −hk j , Dependent, Not Able, Working
hk





 hkι −hk jι , Dependent, Not Able, Not Working
hkiι

(2.18)

(2.19)

Employment quality includes measurements for the weekly income-generating hours (hk ), regional
acceptable income-generating hours per week (hkα ), weekly hours of lost employment due to work
injury (hk j ). Measurements with a subscript iota (ι), indicate that the measurement is taken from
the independent provider and not the consumer being surveyed. See Tables 2.1 and 2.2 for the standard a field measurements Weekly working hours, should represent a normal work week schedule
and not account for holidays or injury time off. The independent provider’s numbers are used to
reflect the situation of the consumer when they are completely dependent on their provider. In
equations 2.18 and 2.19, someone who is able, is physically and mentally able to work. This does
not include children or the elderly. Also, dependents are people who rely on another person to
provide for them financially.
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Security
Similar to employment quality, the equation for security was created as part of this paper.
The equation for security, is,
1
Y = (P̌ + Ǒ)
2

(2.20)

where P̌ is the sub-dimension for protection and Ǒ is the sub-dimension for exposure. Their equations are
np
n pα

(2.21)

nxα − nx
nxα

(2.22)

P̌ =
Ǒ =

Security includes measurements for the number of protection parameters (n p ), maximum number
of protection parameters (n pα ), the number of exposure parameters (nx ), and the maximum number
of exposure parameters (noα ). Literature on crime was examined and five factors of both protection
against and exposure to crime were extracted [57–61]. The protection parameters are the presence
of a local police force, ability to lock the entire house, organized after school activities for children
in the neighborhood, no criminal past, and that the consumer lives with trusted people. The exposure parameters consider if a person is a drug or alcohol user, a business owner, must leave the
house at night, if there is criminal activity in the neighborhood, and if the neighborhood is resource
poor.
To increase the metric’s consistency, clarification of these parameters is necessary. The
protection parameter “ability to lock the entire house” can only be satisfied if every door and
window can be shut and locked or if a secure wall or fence circles the home and can be locked.
Organized after school activities for children must be organized by a school or other community
organization and be supervised by adults. Simply having places where children can participate
in activities, such as parks, does not qualify. In order for someone to be a trusted roommate, the
consumer has to have known them for at least one year. Living alone is counted as not living with
a trusted roommate. In order to have the exposure parameter for leaving the home at night, the
purpose of leaving the home must be a necessity and not for pleasure or leisure. Such necessities
include, but are not limited to, traveling to and from work, getting to a sanitation facility, and
fetching water, firewood, or other resources. Also, the trips out of the house must occur on a
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weekly basis in order to qualify. Finally, resource poor neighborhoods are those where a majority
portion of the community do not have sufficient food, water, energy, or other resources. This does
not have to include the consumer who might have sufficient resources but refers to the conditions
of the community. These guidelines are meant to clarify the measurements that will need to be
taken and assist those who use the PIM.

2.4

Using the PIM
It is worth pausing to consider how the PIM could be used by designers. The purpose of

the PIM is to assist in designing for social impact, as it can guide the designer to consider the basic
dimensions of poverty (health, education, standard of living, employment quality, and security),
and the conditions that affect them.
Designers can use the PIM in various ways; they can use the PIM to predict how specific
design concepts and features would contribute to an individual’s level of poverty, thus allowing
designers to quantitatively determine how impactful a product is. Designers can also use the PIM
to assess and benchmark the impact of existing products, which can valuably inform the creation
of new products.
The PIM helps designers predict and assess positive and negative impacts of a product,
which is particularly meaningful as designers seek to mitigate newly identified negative impacts
before launching a product onto the market. The PIM is particularly useful in identifying anticipated and unanticipated impacts so that during the design process impacts can be accounted for
across multiple dimensions. The multidimensionality of the PIM supports the notion that poverty
is related to more than just income [62, 63].

2.4.1

Measuring Impact on an Individual Level
Under some conditions, the PIM score for a given product is different depending on the

individual being impacted. While for other conditions, a single PIM calculation can characterize
a product’s impact for multiple similar individuals. This is simply because a product’s impact
is a measure of how well a product’s functionality (or other features) satisfies the needs of an
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individual. Given that individuals have different needs, the product’s impact varies person-toperson – when those people experience different levels of poverty.
In a real way, the PIM provides the designer with insights similar to those gained by stress
analysis in mechanical design. The resulting stress is a function of both the applied load and the
conditions of the structure (e.g., restraints and geometry). Stress analysis in mechanical design is
specific to the structure and loads being considered. In other words, the same load applied to two
disparate structures results in two different stresses. Similarly, as indicated by the PIM, a povertyalleviating product given to an individual – at one level of poverty – will have a different impact
on that individual than on someone else at a different level of poverty.
Likewise, the same load applied to multiple similar structures will result in similar mechanical stresses across all such structures. Thus, the PIM can be used to predict or assess how
impactful a product would be at helping people with similar needs and those in similar demographics. To make the best use of the PIM, the designer must exercise judgment about how broadly to
represent the demographic in the analysis.

2.4.2

Measuring Anticipated and Unanticipated Impacts
While the PIM can be applied to all types of products, some engineers may be discouraged

using it because their product’s anticipated impacts may not be directly measured by the PIM.
While this is a valid concern, the PIM will capture secondary, often unanticipated, impacts. The
PIM does not differentiate between these; it measures any impact within its scope.
To illustrate this, an example case has been created using a persona that receives access to
water from the Village Drill, a human-powered borehole drill [64]. The use of personas is further
explained in Section 2.4.4. The persona, Adia, is a farmer in Kenya who otherwise has relied on
rainwater and fetching water to irrigate her crops, see Fig. 2.1. The anticipated impact of the
Village Drill is a decreased distance to water. The unanticipated impacts of the Village Drill are an
increase in the number of her children attending school, an increase in her income, a decrease in
her injury hours, and improvements to her security. In her case, the anticipated impact, the distance
to water, has a PIM score of only 0.04. The unanticipated impacts account for the rest of the total
PIM score, which is 0.1530 before and 0.1502 after subtracting the counterfactual. If the only
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ADIA
FARMER
Adia lives with her husband and 4 children in a small village in
Western Kenya. She owns a small piece of land where they farm
vegetables and grain every year. They rely on rain water as their
main source of water for their crops. Any surplus crops they have,
they sell. When there is no rain, they get water from a stream 2
km away and hand water their crops. Their drinking
water comes from the stream as well. She and her
Goals: Increase crop yield, send
children to school, spent time
family make trips to the stream to fetch water in jugs
at home making items that she
and buckets. The water from the stream is dirty, and
can sell
they don’t have access to other water sources. Her
Pain Points: Carrying water has
children don’t go to school consistently because she
made her have back pain,
needs their help at home and on the farm. The
children don’t go to school
children are also often sick from the bad water.
Indicator
BMI
Total Children
Child Deaths
School Aged Children
Children in School
Individual’s Years of School
Clean Fuels
Sanitation Facilities per Family
Distance to Clean Water (m)
Electricity Use (hours)
Income (Kenyan Shillings)
Poverty Line (Kenyan Shillings)
Weekly Hours Toward Income
Work Hours Lost to Injury
Protection

Before the Bore Hole
16
4
1
3
2
3
0
0
2000
0
1200
1562
48
8
2 (No criminal past, lives

After the Bore Hole
18
5
1
3
3
3
0
0
20
0
1600
1562
48
2
3 (No criminal past, lives with

Exposure

with trusted people)
2 (Business owner, leave
home at night)

trusted people, house locks)
1 (Business owner)

Multidimensional Poverty
0.5336
Level (M)
Product Impact Measure (PIMφ)
PIM for counterfactual (PIMτ)
PIM actual (PIMδ)

0.6866
0.1530
0.0028
0.1502

Figure 2.1: Adia buys a bore hole from a team of drillers using the Village Drill and its impact on
her is shown here.

measurements taken on the Village Drill pertained to the water that was given, most of the impact
that makes up the PIM score would not be measured.

2.4.3

Including a Counterfactual
In order to attribute an impact to a single product, the impacts of other products, projects,

and social influences acting on the consumer can not be ignored. The sum of these external influences, which also contribute to the social progression of consumers, is called the counterfactual [21]. A common approach for determining the counterfactual is taking measurements from a
control group concurrently with the measurements of the impacted group. If the PIM results are
not compared to a counterfactual, then all the social improvement the consumer has are attributed
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to the product, which may or may not be true. Especially in developing countries, there are other
factors and groups that are trying to improve peoples lives, such as government programs. Thus,
alongside the measurements that are taken for the group of impacted consumers (PIMφ ), measurements must be taken of a control group (PIMτ ). Using a method called difference-in-differences,
the PIM of the control group is subtracted from the impacted group
PIMδ = PIMφ − PIMτ

(2.23)

to determine the true impact (PIMδ ) [65]. The PIM score should not be reported unless it is the
score for PIMδ . This is the score that can be attributed to the product. Measuring both a control
group and an impacted group can be expensive and difficult to manage for many engineering
groups. A method to reduce the cost of these measurements is by using personas.

2.4.4

Using Personas
Field survey data collection is very expensive and out of the scope of many engineering

projects. When the engineer is far from the consumer, travel costs are high and time with consumers is limited. In order to reduce the costs and complexity of impact assessment, personas
based on actual data may be used to simulate people who would use the product. Personas are a
design tool used in human centered design [66]. They are a representation of a possible consumer
and used to focus product design efforts. In the PIM, they are used to predict possible impacts
on the consumer and create a counterfactual. Databanks such as World Bank, have data similar to
the PIM measurements, though they are on a national level. Measurement values can be generated
from this data to create a persona that can be used to assess the impact of a product on a consumer.
Additionally, control personas can be produced for the counterfactual. Using databank data collected over a similar time period as the data collected for the PIM, PIMτ can be created so that a
more accurate impact can be found.
Personas should be analogous to the projected consumer group. Only when personas
closely match the consumers will their PIM score be accurate. Also, more research than retrieving
indicators is necessary. The type of work, family structure, environment, and other social factors
should be known while creating an acceptable persona. This research also prepares the engineer
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to know how the product will affect the consumer. An example of a persona and product assessment is in Section 2.4.2. Additionally, it is beneficial to observe the impact on men, women, and
children. Deprivation among women and children is known to be higher than men, especially in
low income countries [35, 67]. Also, women and children are more impacted by products meant
to reduce poverty [68]. Both of these factors offer evidence that the PIM score has potential to be
higher for women and children than for men. This information should be factored into the decision
of who the persona is.

2.4.5

Time
Long term analyses of products in the developing world are not common practice, though

they should be. Unfortunately, it is more common to publish results of a product or project soon
after launch. Long term analyses give more information on how the product is accepted and if
it is useful to the consumers. In order to motivate more long term product assessments, the PIM
includes indication of the time attributed with the data collected. A subscript of the number of
months of use the product has is included with the PIM score. If a product has a PIMδ score
of 0.56 after 20 months of use, then the score should be displayed as 0.5620 . PIM scores that
have more time, demonstrate sustained impact and are vital to learning more about product social
impacts. Using this time element makes the PIM more transparent and scores that have more time
should be recognized as being from a more substantial data set.

2.5

Validation Study
The following study was done by the authors to demonstrate how the PIM can be used,

what can be learned from using the PIM, and how personas can be used in PIM calculations.
Sociologists use ex ante (predictive) metrics and ex post (assessment) metrics. The PIM is
an ex post metric that can also be used as an ex ante metric. It is common practice to compare ex
ante values to ex post measurements, which is what will be done in this study [21].
The study presented in this paper was conducted in Amazonas, Brazil. The product used in
the study is the motorcycle because of it’s prevalence in the area and its studied impact.
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2.5.1

Subject and Location Background
The study was conducted in Itacoatiara, Amazonas, Brazil. Itacoatiara has an estimited

99,854 citizens and is on the Amazon River, 169 miles from the state capital, Manaus [69]. It is
surrounded by the dense and impassible Amazon rainforest. The only way in and out of the city for
motorcycles is the AM-010 highway which ends in Itacoatiara. However, very few people choose
to ride their motorcycles on the highway between Itacoatiara and Manaus. This condition causes
Itacoatiara to be a closed system of motorcycles.
In Itacoatiara, unlike the rest of Amazonas and Brazil, a large percentage of the transportation in and around the city is done by motorcycle. In 2016 the city of Itacoatiara had 2,947 cars,
10,041 motorcycles, and 7,108 mopeds registered [69]. Of the 355 people that we interviewed
59% of them own a motorcycle, 16% own a car, 30% own a bicycle, and 22% own none of these
products. Some of the common jobs involving motorcycles are: motorcycle taxi driver, delivery
by motorcycle, motorcycle washing, motorcycle mechanic, and motorcycle tire sales. Motorcycle
taxi driver is an especially popular occupation in Itacoatiara. In Itacoatiara it is estimated that there
are up to 3,000 motorcycle taxi drivers. People use motorcycle taxis for many reasons, going to
the gym, going to work, visiting family members, going to the town center for business, and taking
children to school. While 209 of the 355 people we surveyed own motorcycles, 219 people said
that motorcycles were their main form of travel. Some people who don’t own a motorcycle use the
motorcycle taxi drivers as their main form of transportation in town.
Some of the impacts of motorcycles on people are known. Motorcycles have had a measurable impact on people’s access to employment, education, and fertility [70]. Motorcycle usage also
has negative effects on people’s health due to pollution and accidental harm. Older motorcycles in
Brazil emit more pollutants than cars per passenger-km [71]. Additionally, from the year 2000 to
2006 for every 1000 motorcycles sold in Brazil there were 1.24 recorded fatalities and 3 recorded
hospitalizations from motorcycle accidents [71].

2.5.2

Data
For the study, we conducted 355 surveys of people who live in Itacoatiara. The survey had

all of the necessary responses needed to collect a multidimensional poverty level (M). It also asked
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Figure 2.2: Itacoatiara and its immediate surroundings.

them if they owned a car, motorcycle, bicycle, boat, and some common household products such
as a television and microwave. It asked them which mode of transportation did they use most and
how often they used the bus, taxi, and motorcycle taxi. Of the people that completed the survey, 51
were asked additional, open response questions about how they use their mode of transportation,
how long they have owned them, their work, and their aspirations.
Additional data in this example comes from The World Bank’s databank. Data from this
databank was used to create the the Mi−1 point on both Figure 2.4 and Figure 2.3. The counterfactual for this study is a representation of the unemployed people that we surveyed. The average
unemployed person we surveyed can be represented by the 5.5th percentile of the Brazilian population.
At the end of our study, we asked people on social media who live in and around Itacoatiara
about how motorcycles have impacted their lives. We received responses from 16 people who told
us what mode of transportation they use and how it impacts their life.
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2.5.3

Analysis
Throughout the study, it became obvious that one group of people who were significantly

impacted by their motorcycles are the motorcycle taxi drivers. They cannot work without them and
only have a job because they own one. Also, many of them have been in accidents and lost work
hours.
The people we use to calculate the PIM are people who would be most benefited by owning
a motorcycle, people who are currently unemployed and do not own a motorcycle. If these people
obtain a motorcycle it is possible that they would become motorcycle taxi drivers. During our
study, we met many people who bought their motorcycle in order to become a motorcycle taxi
driver or often fall back on being a motorcycle taxi driver when there isn’t other work. Of the 355
people we surveyed, 28 were unemployed and did not own a motorcycle. The survey responses
of these people were used to create an Mi score, see Figure 2.3, point Mi UE. The Mi−1 value for
this example comes from data from The World Bank. The percentile of the current unemployed
person was projected back to the year 2014. The other Mi value, point Mi MTD, comes from the
motorcycle taxi driver data, specifically, the drivers that have owned their motorcycle for three
years.
In this example we have made three different predictions about what impact motorcycles
have on unemployed people in Itacoatiara. The predictions were done using different information
and resulted in different values, see Figure 2.4. The first prediction (P1) was using data from
literature on the social impacts of motorcycles in Brazil and in other countries with similar reliance
on motorcycle travel [70–72]. The literature does not say how much certain measurements, such
as income, change because of motorcycles, instead it listed how social behavior, opportunities, and
interactions changed. This prediction had a 89.9% error from the assessed impact.
The second prediction (P2) was made after conducting interviews with motorcycle taxi
drivers and determining from their experience and comments what the impacts might be. The
additional information provided were the change in measurements of determined impacts as well
as new impacts, such as security impact of them working late at night. This prediction had a 25.7%
error from the assessed impact.
The last prediction (P3) was made after assessing the measured impact found for a specific
group of motorcycle taxi drivers, those who have owned their motorcycle for three years. All of
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Figure 2.3: Assessment of the PIM score of motorcycles on motorcycle taxi drivers.

the differences in measurements were included in the prediction, which made it much closer to the
assessment. The last prediction’s PIMτ is the closest to the PIM assessment and only had 2.3%
error from the assessed impact. Clearly, as we gained more information about the product’s impact,
the error in our predictions decreased.
Counterfactuals were created as described in Section 2.4.3 using data from the World
Bank. Personas were created for 5.5th percentile and were tracked for the three most recent years,
2013 and 2016. Wherever there was insufficient data for a year, the data was extrapoled from the
two previous years. We made the assumption that the change in these numbers would be the same
as the change that would occur between the years 2014 and 2017.
Without context, the M can be difficult to understand. During our study we surveyed someone who was jobless, homeless, and begging for money outside of a grocery store. He didn’t have
access to water, electricity, sanitation, security, or help from his family. His M score taken from
the survey answers that we received is 0.4506. His score was not zero because he did make money
begging on the street, he had received his basic education, and was in moderately good health.
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Figure 2.4: PIM score predictions of motorcycles on unemployed people who do not own a motorcycle.

In order for a person to have a score of zero, they have to be completely deprived in all of the
dimensions. In the course of our study, we didn’t survey anyone who met this criteria.

2.5.4

Results of this Study
In this study, we were able to use the PIM to assess and predict the impact of a common

product. Motorcycles in Itacoatiara have a 0.1365 PIM impact on people who are unemployed.
Using the data that we collected from motorcycle taxi drivers, we were able to make a prediction
that was only in error by 2.3%. Our prediction shows that the motorcycles have a positive impact,
but it does have negative impacts. Motorcycles positively impact income and working hours which
could have a PIM score as high as 0.22, but the motorcycle’s negative impacts, the number of
injury hours, security exposure of the rider, and an unhealthy increase in BMI, limit its PIM score
to 0.1365. This knowledge could be used to design motorcycles that have a greater impact on their
users.

30

We were able to use the PIM in a real situation and learn more about how such a survey
and data collection process can be done. It took less than 5 minutes to obtain all of the information
needed from one person to make a single M value. When done in a survey form, many people
were able to give their information at once by filling out their own survey, this reduced the time per
survey dramatically. We were not able to collect data over a long enough period of time to create
two M values and calculated the PIM directly from the people we surveyed, but were able to use
the additional survey data we collected to create the second M value. Personas were also used to
create a counterfactual that was used to account for how the population is changing year after year.
The values from this counterfactual were used to calculate the true impact, PIMδ .
Eventually, a study must be done that looks at the long term impact of a product using
the PIM. Such a study would follow the same people over a long period of time so that less
assumptions would be made. Such a study could be done on a new product or existing technology.
This would remove the largest assumptions that is made in this example. This might also give more
information on how a product’s impact changes over time.

2.6

Conclusion
Engineers are generally trained to focus on the product’s measurable metrics that give pre-

cise indication as to whether goals are met. Because of the nature of social and product impact,
creating a tool that gives a similar indication of success has proven difficult. Engineers tend to
not have the education or training on how to create social impacts [38]. Along with this, selecting
indicators to measure social impact is not a skill most engineers have. The approach of the PIM is
to stay more general and abstract so that it can be used for all types of products, without modifying
the metric.
Determining the anticipated and unanticipated impacts of engineered products on people in
poverty is the purpose of the Product Impact Metric. Without measuring for potential unanticipated
impacts, the extent of a product’s influence on consumers is not entirely captured. Even when
products have different impacts, their PIM scores are of the same unit. Therefore, the PIM can
be a means of comparing products that impact poverty. This can assist organizations seeking to
generate a large social impact because they would be able to choose the products they distribute
based on the product’s social impact, provided by the PIM.
31

Also, products that have high impacts and long trial times can teach engineers more about
social impact. New insight can be gained from these products about why they might have a greater
impact than others. This can be used to create better product design tools for creating products
meant to alleviate underdeveloped social conditions.
The Product Impact Metric does have shortcomings. First, it is only valid with consumers
who are deprived. A product that is meant to relieve deprivation, will not have a large impact
on someone who is not deprived. If measuring from personas or people who are not deprived, a
negative PIM score can result. A negative score indicates that the product makes someone more
deprived or that the market chosen is not ideal. Although the example given in the paper is of a
product in a developing country, the PIM can be used for any product that is meant to improve
poverty conditions – in any part of the world.
Second, because the PIM measures impact on an individual level, measuring the PIM from
more than one consumer can result in different values. Social impact is a function of the consumer’s
conditions and the product, so it can change from person to person. This might also be a strength
because assessing the impact of the product beyond just one stakeholder can lead to additional
findings. A product can have an impact on anyone who interacts with the product.
Third, because the PIM is a universal and general metric, it might miss very specific impacts. While it may not collect all potential anticipated impacts, it does measure impacts that are
indicative of a consumer’s poverty level. The PIM was created to make it easy to use. The measurements needed can be collected in a single survey, are broad enough to capture impacts of many
types of products, do not require the consumer to provide any information that they might have to
find or otherwise do not know immediately when asked, are not dependent on the opinions of the
consumer or engineer, and are scalable from a person who is completely deprived to a person who
is not impoverished. Future work must be done to create additional, more specific metrics that can
give specific impact results while still accounting for unanticipated impacts. Such metrics could
also become design tools used by engineers, alongside the PIM.
Another limitation of the current study is the static nature of the PIM. We simply do not
consider how the PIM changes overtime in this paper, though we feel that studying the dynamics
of the PIM could lead to important insights.
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In this paper we have not considered the effects of uncertain information. We acknowledge
that uncertainties can exist in calculating M values for time periods with sparse data, and in the
selection of and application of counterfactuals, which are assumed to accurately represent the
impacted individual.
Desipite its flaws, the PIM is a needed step in a larger thrust to help engineers become
better at designing products for social impact.
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CHAPTER 3.
A METHOD FOR CREATING PRODUCT SOCIAL IMPACT MODELS
OF ENGINEERED PRODUCTS

3.1

Introduction
As engineers, the products we design impact society. Sometimes this impact is obvious;

the design of a bridge that links two communities, the design of a medical device that extends
life or the design of sensors used in warning systems. And sometimes the impact is not obvious;
the design of entertainment systems that change family dynamics, the design of machinery that
favors a male workforce, the design of hospital ventilation that spreads infection. These are the
social impacts of products, where social impact is defined as how a product affects “the day-to-day
quality of life of persons” [18]. The most obvious social impacts that products have — generally
health and employment — are often recognized in the engineering community. In some cases, for
these obvious social impacts, engineers are able to create product requirements and performance
measures that relate a product’s performance to its social impact. Other social impacts, such as
family and gender impacts, tend to not be considered for products as they may seem unrelated to
a product’s design and performance. Nevertheless, products can indeed change people’s lives in
more ways than are generally understood by the engineering community [1]. As a result, engineers
are likely designing products without knowing the social impact of design decisions.
Social impact indicators and categories can be used to describe a product’s social impact.
Social impact indicators are used to know the amount of social impact a product has. Sandhu-Rojon
defines indicators as “what we observe in order to verify whether – or to what extent – it is true
that progress is being made” [73]. One or more social impact indicators can be chosen to partially
represent the social impacts that a product has on a person or group. Social impact indicators
can be classified by their social impact category. In a collaborative work between sociologists
and engineers, 11 social impact categories for products were identified by evaluating the archival
literature, specifically extracting themes from papers that list social impact categories, provide
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case studies of products that have a social impact, and other works on the social impact of products
in the field of sociology and engineering [1]. The social impact categories from this work are
shown in the first column of Table 3.1. While it is not assumed that these are the only social
impact categories that could exist, the 11 social impact categories described by Rainock et al. are
used to constrain the possible social impacts of products in this paper. We recognize that these
social impact categories may seem far removed from an engineer’s decisions. Nevertheless, it will
be demonstrated in this paper that a product’s features can be connected to these social impact
indicators, thus allowing the engineer to predict and improve the social impacts of the products
they’re designing.
Currently, there is a lack of methods that can help an engineer identify, understand, and
improve a product’s social impacts. A coalition of companies chose 71 social impact indicators to
measure the social sustainability and impact of their products [25, 74]. While the companies are
able to measure some social impacts using these indicators, many of the indicators are unrealistically dependent on company policies instead of the product’s design. This makes understanding
and improving a product’s impact more difficult. Using the approach proposed by the coalition,
design decisions made by the engineer would not change many of the product’s measured social
impacts. Also, the coalition’s method of evaluating the indicators is a ranking by self-assessment,
which can bias the results. In these ways the indicators, as identified by the coalition, are fundamentally different that what is proposed in this paper. The coalition’s impact indicators are self
assessed, while the indicators in the current paper are linked with the product’s performance. By
linking the social impact to the product’s parameters, some of the engineer’s bias is removed.
In a previous work by the authors, a metric was introduced to simplify measuring the social
impact of products that are designed to alleviate poverty [75]. This metric measures a product’s
impact in five categories (Health, Education, Standard of Living, Employment Quality, Security)
without attempting to measure all of the impacts that a product might have. While this simplifies
the process of measuring a product’s impact, some impacts identified in Table 3.1 are missed [1].
While the principles of social impact modeling are most often applied to assessment (defined as the evaluation of impact a posteriori), predictive models of social impact (primarily for
use a priori) would be very beneficial to the engineering design community. Currently, social scientists use simple models to help predict the social impact of new programs or policies [76, 77].
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As engineers, we are often tasked with creating models of complex systems. In the models we
create, it is common to add emphasis in areas of our expertise, at times unknowingly disregarding
other aspects of the system we don’t fully understand [78]. Engineers who wish to model the social impact of their products will need effective ways to identify pertinent social impact indicators
that can be meaningfully linked to engineering parameters. With only a nascent understanding of
social impacts, engineers can expect these models to be simple compared to more mature models
typically found in engineering. However, it is expected that as the field of engineering for social
impact grows, the complexity of these models will increase. Importantly, these models will allow
social impacts to be scrutinized simultaneously with functional requirements during the product
development process.
Within the social sciences, a typical approach to evaluating societal impact uses a method
called Social Impact Assessment. Barrow describes the typical stages of social impact analysis as
(i) scoping – understanding who is impacted, (ii) formulation of alternatives – developing alternatives to the proposed program/solution, (iii) profiling – determining what/who is impacted, (iv)
projection – predicting how much change will occur, (v) assessment – assessing implications of
impact, (vi) evaluation – assessing the impact on all stakeholders, whether net positive or net negative impact, (vii) mitigation – improving negative impacts, (viii) monitoring – measuring actual
impact, and (ix) ex-post audit – iterate on process [79, 80]. It is common for Social Impact Assessment to be applied to social programs, not engineered products. With this as context, Barrow
also states that ‘Deciding what are, or will become, critical socio-economic factors is difficult and
must be undertaken by appropriately skilled social scientists’ [80]. If the general methods of social
impact assessment is to become more useful for predicting the impact of engineered systems, it
will be necessary for engineers to develop expertise in deciding what are, or will become, critical
socio-technical factors. The method in this paper hopes to simplify the stages of profiling, projection, assessment, evaluation, mitigation, and monitoring, as introduced by Burdge in 1990 and
which is still used today, so that engineers can account for and improve the social impact of their
products during the design process.
Some of the details of how to assess and predict the social impact of a product can be
learned from social sciences. The Handbook on Impact Evaluation by The World Bank details how
these difficult impact studies can be done [76]. Though the handbook was created specifically for
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measuring the social impact of government policies, many principles of measuring and predicting
social impact can be applied to products as well. The handbook describes how to use a control
group, introduces a simple predictive model, and gives other important information on how to
measure and predict the social impacts of programs. Wherever possible, the best practices of
social science are used to inform the method presented in this paper.
The purpose of this paper is to introduce a method for creating predictive models of social
impact for engineered products. In Section 3.2 of this paper, we present the method and in Section 3.3 we use the method to predict the social impact of an expanded U.S. Mexico border wall
(UMBW). The final section provides closing remarks with a description of limitations and future
work.

3.2

Method for Modeling the Social Impact of Products
The methodology introduced in this paper is comprised of four steps:

1. Identify a product’s users, requirements, and objectives.
2. Determine which of the 11 social impact categories in Table 3.1 [1] are influenced by the
product.
3. Select social impact indicators from data banks such as The World Bank to represent the
impact categories identified in Step 2.
4. Create predictive models of social impact by linking engineering parameters to indicators
and by combining/aggregating pertinent indicators from Step 3.
This four-step process fits into the product development process in traditional ways; it is used
whenever models are needed, it has the potential to create low or high fidelity models, and it will
produce models that need validation and therefore, the method will likely be used iteratively to
converge on trusted models of social impact. Because of the complexity of determining impact
categories and indicators, this method is best completed with a multidisciplinary team, where the
combined experience and knowledge of the team outweighs that of the engineer alone.
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3.2.1

Step 1: Gather Product Development Information
As a first step, the engineer collects product and user information. Specifically, the engineer

needs to identify a product’s requirements, users, and objectives. This information is often used by
engineers in traditional product development processes [81, 82]. This information articulates why
the product is useful, who uses it, and what goals the engineer has in creating it.
The information collected in this step lays the ground work for identifying a product’s
social impacts. Importantly, the social impact of a product is a function of both the product and
the user [75]. Therefore, if the needs of the user are not understood, then the social impact of the
product cannot be predicted. This also means that products impact their users differently depending
on their needs. The method introduced in this paper cannot be completed until at least a portion of
the user’s needs are known.
Moreover, the objective statement can contain information about the product’s social impact. During the product development process, engineers often create an objective statement that
guides design decisions that are made for the product. This objective often answers these questions:
what is the product, what problem does it solve, and what is the target market [37]? These statements can help understand the product’s purpose, further preparing the engineer to meaningfully
model a product’s social impact.
An important consideration when choosing the users is to include people who might be
positively and negatively impacted by the product. By doing so, the engineer can identify the
negative impacts the product has and attempt to reduce them during the product’s development.

3.2.2

Step 2: Determine Social Impact Categories
Once the product development information is collected, the product impact categories are

identified. The process by which impact categories and indicators are selected is shown in Figure
3.1. The categories used in this paper are the eleven categories of product impact that have been
identified by Rainock et al. [1]. Table 3.1 contains all of the impact categories as well as example
topics that a product may impact in each category.
When first attempting to identify a product’s social impact categories, product developers
should determine which categories best match the product’s development information from Step 1
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Table 3.1: Social impact categories and some examples of what each category includes [1].
Impact Category
Health and Safety Impact
Paid Work Impact
Stratification Impact
Civil Rights Impact
Education Impact
Family Impact
Gender Impact
Population Change
Conflict and Crime Impact
Social Networks and
Communication Impact
Cultural Identity/Heritage Impact

Example Topics
Living conditions, mortality
Employment rates,
industrial diversification
Inequality, social status
Minority and Human rights
Education, skills
Change in family roles
and structure
Gender roles and equality
Transiency of the
population, age structure
Crime, civil and
domestic conflict
Personal relationships,
social capital
Values, personality traits

Figure 3.1: Process for selecting impact categories and indicators, see Sections 3.2.2 and 3.2.3.

(Section 3.2.1). For example, the requirement “the product increases the user’s income” is related
to the Paid Work impact category. In addition, depending on the product, this requirement may
also be related to Population Change. The product may create a new job market, providing new
employment for many people and therefore increase the local population size. Additionally, user
information and product objectives can point towards additional social impact categories.
In the case of users, the user’s needs can change a product’s social impact. An example of
this is the impact of fuel-efficient biomass stoves. Often the most substantial impact of biomass
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Table 3.2: Conditional probabilities for the impact categories (probability of the column category
given the category in the row) [2].

Health and
Safety
Paid Work
Stratification
Human Rights
Education
Family
Gender
Population
Change
Conflict and
Crime
Social Networks
and
Communication
Cultural Identity/
Heritage

Conflict
and
Crime

Social
Networks
and
Comm.

0.104

0.127

0.259

0.169

0.170
0.319
0.129
0.184
0.184
0.102

0.154
0.304
0.285
0.349
0.117
0.074

0.471
0.420
0.171
0.232
0.436
0.301

0.278
0.333
0.312
0.301
0.223
0.205

1.000

0.414

0.315

0.414

0.065

0.230

1.000

0.175

0.320

0.298

0.202

0.134

0.134

1.000

0.271

0.189

0.170

0.217

0.302

0.335

1.000

Health
and
Safety

Paid
Work

Strat.

Human
Rights

1.000

0.427

0.066

0.293

0.183

0.185

0.173

0.867
0.841
0.629
0.592
0.911
0.869

1.000
0.478
0.361
0.338
0.709
0.528

0.076
1.000
0.063
0.099
0.101
0.102

0.340
0.377
1.000
0.544
0.285
0.307

0.211
0.391
0.361
1.000
0.123
0.153

0.292
0.261
0.124
0.081
1.000
0.205

0.214
0.261
0.132
0.099
0.201
1.000

0.829

0.667

0.198

0.477

0.450

0.297

0.162

0.560

0.335

0.105

0.585

0.475

0.105

0.870

0.782

0.111

0.267

0.240

0.703

0.571

0.108

0.604

0.387

Educ.

Family

Gender

Pop.
Change

Cultural
Identity/
Heritage

stoves in on the Health and Safety of the user because fuel-efficient biomass stoves reduce harmful indoor emissions. But, if stoves are designed for user’s with additional needs, the impact of
the stove can increase. For example, some fuel-efficient biomass cookstoves are designed for displaced, refugee women [83]. These women are often victims of physical and sexual assault while
they are collecting firewood. The additional need for increased security enables these stoves to also
impact Gender and Conflict and Crime because the user’s likelihood of being assaulted decreases.
Identifying the less intuitive impact categories in Table 3.1 can be difficult. For this reason, two
additional methods of determining impact categories are introduced here.
In a study done by Ottosson et al., 150 products were assessed for their social impact, using the same impact categories as seem in Table 3.1 [2]. It was found that for the 150 products
reviewed, some social impact categories were likely to appear together in any given design scenario. Table 3.2 shows the probabilities of any social impact category, given that you know at
least one impact category is present. For instance, if it is known that a product impacts Health &
Safety, there is a greater probability that it will also impact Paid Work (probability of 0.427) than
Population Change (probability of 0.104). Table 3.2 should be used to explore what additional impact categories should be explored. The current paper does not establish what relationships exist
between social impact categories. They are presented here to assist in determining which social
impact categories may be pertinent to a design scenario.
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Another method of identifying which of the 11 social impact categories are pertinent, involves asking a series of questions about the product. These questions are provided in Table 3.3.
Some of the questions in Table 3.3 are from a booklet that helps product designers consider social
issues [3]. These questions help a design team discuss and identify which categories their product
may impact and which they should include.
Table 3.3: Questions that help lead to identifying impact categories [3]
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

Questions
Does it encourage a sense of community?
How could your design demonstrate
the values of the user?
Does it encourage participation and
belonging?
Does it improve health and well-being?
Does it encourage empowerment and
promote human competence?
Does it enrich users’ lives or increase
quality of life?
Does it enhance social interaction,
communication, and engagement?
Does it maintain local/cultural traditions?
Does it help make money?
Does it help save time?
Does it enhance education?
Does it challenge stereotypes?
Does it improve personal
or communal security?
Does it encourage activism?
Does it make the community
more attractive to outsiders?
Does it influence inequality in the
community?
Does it change the user’s hireability?
Does it change the user’s vulnerability?
Does it change the user’s role in society
or their family?
Does it bring together or separate
families?
Does it encourage relocation?

Potential Impact Categories
Networks, Cultural Identity
Cultural Identity
Civil Rights, Networks,
Cultural Identity
Health and Safety,
Stratification
Stratification, Education
Health and Safety,
Stratification
Civil Rights, Networks
Cultural Identity
Paid Work
Paid Work
Education
Family, Gender, Cultural
Health and Safety,
Conflict and Crime
Civil Rights,
Education, Gender
Population Change
Stratification, Civil Rights
Paid Work, Education
Gender, Conflict and Crime
Civil Rights, Family, Gender
Family
Family, Population Change

After completing Step 2, several impact categories should have been identified. During the
rest of the product development process and as more information is gained, the impact categories
should be assessed for their relevancy and to ensure that the impact categories related to the product
are included.
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3.2.3

Step 3: Selecting Social Impact Indicators
Once impact categories are identified, indicators need to be chosen. Indicators are what is

measured or predicted in each impact category to understand a product’s social impact. Sandhu
from the United Nations Development Programme stated that “the challenge in selecting indicators
is to find measures that can meaningfully capture key changes, combining what is substantively
relevant as a reflection of the desired result with what is practically realistic in terms of actually
collecting and managing data” [73]. Indicators can come from the engineer and product development information, but more help might be needed to select the set of indicators. For this reason,
some resources are given here to assist in selecting social impact indicators.
There are multiple data banks with hundreds of social impact indicators. The World Bank
has compiled a databank that includes hundreds of indicators for tracking the progress of countries.
Table 3.4 shows all of The World Bank’s indicator groups, the number of indicators included in
each category, and example indicators. Some of the indicator categories The World Bank uses are
similar to the social impact categories used in this paper, see Table 3.5. Most of The World Bank’s
indicators, however, are measured at the national level and few products will have a measurable
impact on an entire population. Nevertheless, many of the indicators can be adapted for use on
smaller groups and individuals. Other sources for impact indicators are the Oxford Poverty and
Human Development Initiative’s Working Papers [47–50, 84, 85]. Each of these papers highlights
a social issue that is under-represented in existing data banks. The appendix of each paper includes
example surveys and indicators that can be used to measure the levels of a specific social issue.
Both of these resources, along with which impact category they are related to, are listed in Table
3.5. The resources in Table 3.5 are not exhaustive, similar types of indicators can be found in other
resources as well. Together, The World Bank and the Oxford Poverty and Human Development
Initiative’s Working Papers include hundreds of indicators, but do not give guidance on how to
select them to measure a product’s social impact.
We recommend that when selecting social impact indicators the following approach is used,
see Figure 3.1. First, it is important to determine the reason that each social impact category was
included. The purpose of the social impact indicators is to typify the reason that each category
is included. Second, brainstorm potential indicators within the product development team. This
step will help capture indicators that are specific to the product. Product specific indicators are not
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likely to be found in indicator data banks, such as those in Table 3.5. Furthermore, at this stage, it
is important to not self impose limitations on what indicators are chosen. If the team decides that
the product can have a measurable effect on the value of an indicator, then it should be included.
Simultaneously, the resources in Table 3.5 should be explored thoroughly. Using databanks can
help product developers become acquainted with the impact categories and how they are related
to a product. Finally, the indicators should be evaluated. This evaluation can begin right after
selecting the indicators, but should also continue to Step 4, Section 3.2.4. Measuring the indicators
needs to be within the abilities of the product development team. If it is decided that measuring an
indicator is outside of the product developer’s ability, it should be set aside to be reevaluated at a
future date.
Once the indicators have been selected, they need to be assessed by impact category. The
indicators should be assessed to assure that the categories are represented sufficiently. When necessary, impact categories can be added in this stage of the process if a selected indicator is related
to a hitherto unidentified impact category.
After each impact category has sufficiently been represented by indicators, the indicators
need to be evaluated on how they can be integrated into the product development process. Products are often designed to meet certain product requirements. The extent to which the product
meets these requirements can be evaluated by performance measures [64]. When the method
introduced in this paper is done in parallel with a product development process, indicators and
impact categories can be transformed into performance measures and requirements. As the initial
requirements were used to help find the impact categories, some of the impact categories and indicators may already be requirements and performance measures. As expected with any modeling
approach, when more product development information is gained, social impact indicators should
be improved, added, or removed.
The process of finding categories and selecting indicators should be iterative, as illustrated
see Figure 3.1. For example, in the first iteration of the process shown in Figure 3.1, impact
categories and indicators are selected. It is possible that one or more of the indicators may also
impact another, unidentified impact category. Such a category should be evaluated with another
iteration of the process in Figure 3.1 to hopefully identify more indicators.
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Table 3.4: The World Bank’s indicator groups and how many indicators are in each category
(some indicators are in more than one category).
Indicator Category
Agriculture & Rural
Development
Aid Effectiveness
Climate Change
Economy & Growth
Education
Energy & Mining
Environment
External Debt
Financial Sector
Gender
Health
Infrastructure
Poverty
Private Sector
Public Sector
Science & Technology
Social Development
Social Protection &
Labor
Trade
Urban Development

3.2.4

Number of
Indicators

Example Indicators
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Employment in Agriculture

73
80
261
159
50
112
229
85
161
207
51
25
173
97
13
31

Income Share Held By Lowest 20%
Nitrous Oxide Emissions
Household Final Consumption Expenditure
Educational Attainment of the Population
Access to Electricity
Plant Species Threatened
Average Interest on New Debt Commitments
Accounts at a Financial Institution
Children Out of School (Male, Female)
Prevalence of HIV
Railway Passengers
GINI Index, Poverty Gap
Time Required to Start a Business
Internally Displaced People
Researchers in R&D, Patent Applications
Children in Employment, Refugee Population

151

Employment in Agriculture

152
22

Goods or Services Imports and Exports
Mortality Caused by Road Traffic Injury

Step 4: Creating Social Impact Models
Product social impact models, as discussed in this paper, are analytical equations that are

used to predict the performance of a product as measured by the social impact indicators selected
in Section 3.2.3.
The social impact models used for a product are unique to that product and can not be
applied to other, dissimilar products. A product’s social impact is a function of the product and the
user, where the social impact of a product, IS , is,
IS = f (U, P)

(3.1)

where f is the function that calculates a product’s social impact, U is a set of user parameters, and
P is a set of product parameters [75]. The social impact of a car demonstrates this relationship. A
car’s social impact, which include injuries from car collisions, the ability to drive to new destinations, and improvements to the driver’s employment, is dependent on the ability of the driver, the
needs of the driver, as well as the size of the car, the driving range of the car, and other parameters.

44

Table 3.5: Data banks and papers that can be used to find social impact indicators in each category.
Source
The World Bank

OPHI Working Papers

Resources
Health
Private Sector
Social Protection
and Labor
Poverty
Urban
Development
Agriculture
and Rural
Development
Education
Gender

Impact Categories
Health & Safety
Paid Work

Physical Safety
and Security
Psychological
and Subjective
Well-being
Employment
Agency and
Empowerment
The Ability
to go about
Without Shame
Social
Isolation

Health & Safety,
Crime & Conflict

Paid Work
Stratification
Stratification
Stratification
Education
Gender

Health & Safety
Paid Work
Paid Work, Gender
Stratification
Civil Rights, Family,
Networks & Communication

The basic form of the equation that is used by social scientists to evaluate the social impact
of programs using impact indicators is,
Y = α ∗X +T ∗β +ε

(3.2)

where Y is the final indicator value, α is the initial indicator value, X is other relevant parameters
of the individual for whom the social impact is being measured, T is a binary variable for differentiating between people or groups who are impacted by the product or not, β is the program’s effect
to the indicator value, and ε is an error term for unobserved factors that effect Y [76]. Equation 3.2
has been used for evaluations as well as predictions [77].
The β term can be the most difficult term in Equation 3.2 to determine. The approach used
in this paper is to find an existing relationship between the impact indicator and product parameter
that can be measured or predicted. For example, the parameters for a model that predict how much
a security system increases the protection of a household could be the brightness of external lights,
the number of cameras, and other parameters.
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After indicators are predicted, the impact that the product has on the indicator value can be
found. One method of doing this is called difference-in-differences [65,76]. This method measures
the difference between an impacted group and control group. Using this method, the impact of a
product, I, is,
I = YT −YC

(3.3)

where YT is the final indicator value for someone who was impacted by a product and YC is the
final indicator value for a control, someone who did not have the product. If Y from Equation 3.2
is assumed to be the product’s impact, then the value of the impact may be exaggerated. Often,
other influences, including products and programs, are also manipulating indicator values. Using
the difference in differences approach accounts for these other influences.
Creating accurate models requires the product developer to understand the factors that affect the indicators. In many cases, the product is not the only reason why indicators are changing.
Before models are created, the user and their social environment should be understood enough to
know what these factors are. Some of these factors may include government policies, development programs, family roles and dynamics, cultural practices, economic status, social class, and
community behaviors. Understanding these user parameters and including them in the models will
make the models more accurate.

3.3

Predicted Social Impact of the U.S. Mexico Border Wall
The example in this paper is a social impact prediction study for the proposed expansion

of the U.S. Mexico Border Wall (UMBW). In this example, the method introduced in this paper is
implemented to identify product development information, impact categories, indicators, integrate
with the design process, create predictive models, and make predictions.
The U.S. Mexico border Wall impacts the lives of Americans, Mexicans, and immigrants
hoping to enter or leave the United States. Currently, the U.S. Mexico border has an intermittent
wall, fencing, and vehicle barricade for 705 miles of the 1,989-mile border. The current U.S.
Presidential Administration has proposed building a wall along the entire border [86]. The example
in this paper applied the method introduced in this paper to predict the social impact of a border
wall that extends across the entire length of the U.S. Mexico border.
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The UMBW is used as the example in this paper for two reasons. First, the social impacts of
the UMBW are both obvious and non-trivial. While it is obvious to many that the UMBW will have
a social impact, there is less consensus on if that impact is positive or negative. It is a product that
has garnered the attention of Americans, Mexicans, and others around the world. Scholars have
already written about the UMBW’s potential to impact immigration and the environment. [87–91].
Secondly, the UMBW has a significant amount of historical data associated with it as over one
third of the US Mexico border currently has a barrier – while at the same time there is an active
engineering design effort to further develop a border barrier (UMBW) [92]. Because of this, much
data exists and many researchers from disparate disciplines have studied the border barrier, which
is useful in developing impact models in this paper that can be validated to some degree.
The entire method introduced in this paper for this example took one engineer 4 days to
complete. The first day was used to gather the product development information and determine the
social impact categories. The second day was spent selecting social impact categories. The final
two days were spent creating the initial social impact models, which were continually improved.
The example was completed using only the resources detailed in Sections 3.2.1-3.2.4. This was
one of the first attempts at completing the process. Once more experience has been gained with
using the method in the paper, it is expected that it will not greatly affect the length of the product
development process.

3.3.1

Step 1: Gather Product Development Information
The authors did not complete a design process for a border wall and so the users, objectives,

and requirements for the UMBW were all identified from publications, including, a solicitation for
building contractors to build border wall prototypes [92], a fact sheet on the UMBW and immigration policies from the White House [93], a Customs and Border Protection Roundtable [94],
and an executive order from President Trump [86]. The product development information for the
UMBW is given here:
• Users
1. Communities close to the UMBW
2. Illegal Immigrants
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3. Border Patrol Officers
• Objective
1. Support the border patrol, decrease illegal immigration, and prevent infiltration by cartels/criminals, traffickers, smugglers, and threats to both public safety and national
security.
• Requirements
1. The wall is at least 18 feet high
2. The wall is difficult to climb over
3. The wall prevents digging 6 feet under the wall
4. The wall resists breaching by hand tools (such as sledgehammers, battery operated
impact and cutting tools, oxy/acetylene torch, and other similar hand-held tools) for at
least 30 minutes but ideally for over 4 hours
5. The wall is aesthetically pleasing from the U.S. side
6. The wall accommodates water drainage
7. The wall can be built on a slope up to 45%
8. The wall is cost effective to build, maintain, and repair

3.3.2

Step 2: Identify Impact Categories
Using the product development information, three impact categories were identified: Con-

flict and Crime, Population Change, and Paid Work. After identifying these categories, the questions from Table 3.3 were used to identify 3 additional categories: Health and Safety, Civil Rights,
and Family. All of the categories that are related to the UMBW and how that relationship was
found can be seen in Table 3.6.
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Table 3.6: The social impact categories and which question or objective was used to identify it.
Impact Categories
Health and Safety Impact
Paid Work Impact
Civil Rights Impact
Family Impact
Population Change
Conflict and Crime Impact

3.3.3

Relationship to the UMBW
Question 20: Impact personal or
communal security
Objective: Support Border
Wall Officers
Question 13: Enhance social interaction,
communication, and engagement
Question 7: Potential to separate families
Objective: Prevent illegal immigration
Objective: Prevent infiltration of criminals

Step 3: Selecting Indicators
The indicators that were chosen to assess the impact of the U.S. Mexico border wall were

chosen for their ability to represent each impact category and be influenced by the wall’s parameters and features. The impact indicators, organized by impact categories, are:
Crime & Conflict:
• nArr.

Number of arrested illegal immigrants at the border

• nAtt.

Number of attacks on Border Patrol

• nCrim. Number of criminals arrested that are illegal immigrants
• pBorder % of arrested illegal immigrants who come through the border
• nEnter Number of illegal immigrants crossing the border
Population Change:
• nArr.

Number of arrested illegal immigrants at the border

Paid Work:
• nOff.

Number of border patrol officers

• nWork Number of illegal immigrants in U.S. workforce
• cBorder Annual spending on protection of the U.S. Mexico border
Family:
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• nChildren Number of children crossing the border alone, illegally
• nFam. Number of families separated as a result of illegal immigration
Civil Rights:
• nCourt Number of illegal immigration court cases
• tCourt

Trial time of illegal immigration court cases

Health & Safety:
• nAtt.

Number of attacks on Border Patrol

• nDeaths Number of deaths of illegal immigrants crossing the border
The indicators for the UMBW were selected from the resources in Table 3.5 as well as
anticipated impacts identified by the current presidential administration [94].

3.3.4

Step 4: Creating Models
The social impact indicators and categories were then translated into requirements and

performance measurements, shown in Table 3.7. Some impact indicators are included in more than
one requirement. This is common, as performance measures often influence many requirements.
In the same way that performance measures are used to evaluate how well a product meets the
user requirements, the indicators are used to measure how well the categories are impacted. As
the product development process advances to system and sub-system refinement, indicators may
be used as system or sub-system requirements or performance measures.
Models were then created for each performance measure so that their performance can be
predicted. In the following equations, the subscript [ ]i is for the current value of the indicator
and the [ ] f subscript is for the predicted value of the indicator. In this paper a simplified form of
Equation 3.2 is used to create the predictive models,
Y = α +β +ε
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(3.4)

Table 3.7: The requirements (in bold) and performance measures (numbered) created for the
UMBW; each of the performance measures have a predictive model in Section 3.3.4.
The UMBW reduces crime, by reducing the:
1. Number of arrested illegal immigrants at the border
2. Number of attacks on Border Patrol
3. Number of criminals arrested that are illegal
immigrants
4. Percent of illegal immigrants who came through
the border
5. Number of illegal immigrants crossing the border
The UMBW improves the safety of the Border Patrol
and immigrants, by:
1. Number of deaths of illegal immigrants crossing
the border
2. Number of children sent across the border illegally
3. Number of attacks on Border Patrol
The UMBW helps the American workforce:
1. Number of border patrol officers
2. Annual spending on U.S. Mexico border
3. Number of illegal immigrants in U.S. workforce
The UMBW reduces illegal immigration:
1. Number of illegal immigrants crossing the border
2. Percent of illegal immigrants who came through
the border
3. Number of families separated as a result of
illegal immigration
The UMBW improves the civil rights of immigrants:
1. Number of illegal immigration court cases
2. Trial time of illegal immigration court cases

The variables T and X from Equation 3.2 are not used. Instead, the β term is able to take inputs
for different wall concepts, including not building the UMBW. The ε term from Equation 3.4 is
represented in the following equations with δ[] . This term accounts for how much the indicator
changes independent of the UMBW.
For the requirement, the UMBW reduces crime, the model for predicting the number of
arrested illegal immigrants at the border, n fArr. , is,
n fArr. = niArr. + [niArr. (1 − kChange )(kCross kSec. kChange )

(3.5)

−niArr. ∗ kChange ] + δnArr.
where kChange is the rate that illegal immigrants change how they cross the U.S. Mexico border,
kCross is the rate of increase in the number of illegal immigrants crossing the border, and kSec. is the
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security factor. The number of immigrants arrested at the border is the current value plus those
who don’t change how they cross the border and are caught at the border minus those who change
how they cross the border. While kChange and kCross are values from research on illegal immigration
across the US Mexico border [87], kSec. is a function of the UMBW’s engineering parameters. The
security factor, kSec. , is,
kSec. = 1 −

tiT hrough
t fT hrough

(3.6)

where tiT hrough is the time for someone to get through the current border and t fT hrough is how long it
takes to get through the new border wall. Because of the inconsistency of the current border wall,
the value of tiT hrough changes for different sections of the border as some of it already has a fence
or barrier. The value of tiT hrough used in this paper is 60 seconds. The security factor is a measure
of how much more time it takes to cross the border with a new UMBW design relative to crossing
a border with a small fence. The security factor is used to scale many of the models used in this
paper. Generally stated, if the UMBW does not change the security at the U.S. Mexico border then
its social impact, as measured by the indicators in this paper, is small. The model for t fT hrough , is,
t fT hrough =

EMR VM
PT

(3.7)

where EMR is the energy per unit material removal rate, VM is the volume of material to remove, and
PT is the power of the tool. The tool used in our model is a 2 horsepower cordless angle grinder.
This tool was chosen because the UMBW requirements stated using only hand tools.
The model for the number of attacks on border patrol officers, n fAtt. , is
n fAtt. = niAtt. + [niAtt. kSec.

n fOff.
]δ + δnOff.
niOff. Off.

(3.8)

The number of attacks on border patrol officers is a function of the UMBW’s security and the
number of officers.
The model for the number of arrested federal criminals, n fCrim. is,
n fCrim. = niCrim. − [niCrim. Ill. (kSec. − kChange )]δArr. + δnArr.
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(3.9)

This indicator represents one of the objectives of the UMBW, as stated by the current presidential
administration, reduce the number of criminals in the U.S. [86]. The predicted number of arrested
federal criminals is the current value minus those that will be arrested at the border plus those that
will avoid arrest by entering the country by other means.
The model for the percent of arrested illegal immigrants who come through the border,
p f Ill. Border , is,
p fBorder = piBorder − [piBorder (kSec. + kChange )] + δ pBorder

(3.10)

The percent of illegal immigrants who come through the border is dependent on how effective the
UMBW is at keeping illegal immigrants out as well as how many will change how they enter the
U.S.
The model for the number of illegal immigrants entering the country through the U.S.
Mexico border, n fEnter , is,
n fEnter = niEnter + [niEnter Border (1 − kChange

(3.11)

−kSec. (1 − kChange )kCross )] + δnEnter
The predicted number of illegal immigrants entering the country is the current value minus proportion of those entering through the UMBW who will not change how they enter and still make it
into the country.
The model for the number of children that are sent alone to cross the border, n fChildren , is
n fChildren = niChildren − [niChildren kCross kSec. ] + δnChildren

(3.12)

The predicted number of unattended children crossing the border is the current number minus those
who will decide to not cross because of the UMBW. This performance measure came directly from
the discourse that President Trump had at a Border Protection Roundtable, as it was mentioned
that the UMBW could help these children who cross the border alone and sometimes die on their
way [94]. Currently, UMBW doesn’t have features or parameters that can directly change how
many children are sent to cross the border, only how many make it across the border.
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The model for the number of illegal immigrants who die crossing the border, n fDeaths , is,
n fDeaths = niDeaths − [niDeaths kCross kSec. ] + δnDeaths

(3.13)

As less people attempt to cross the border, less people will die on the trip across the border. If a new
feature is added to the UMBW that further decreases the number of deaths of illegal immigrants,
such as cameras or call stations, then this model would change to reflect that. Table 3.9 shows the
potential that adding cameras to the UMBW can have on this indicator.
The model for the performance measure, the number of families separated as a result of
illegal immigration, n fFam. , is
n fFam. = niFam. − [nFam. kReturn kSec. ] + δnFam.

(3.14)

As less people are able to cross the border and people return to their families, less families will be
separated by the border.
The model for the performance measure number of border patrol officers, n fOff. , is,
n fOff. = niOff. − [niOff. kReplace kSec. ] + δnOff.

(3.15)

A border wall would impact the number of border patrol officers. As the UMBW deters illegal
immigrants, the need for border patrol officers will decrease. The proportion that border patrol
officers are replaced by the UMBW is kReplace . As the UMBW’s security is high, less officers
should be needed. Automated security systems could further decrease the number of officers that
are needed at the border, see Table 3.9.
The model for the performance measure, the annual spending on the U.S. Mexico border,
c fBorder , is
c fBorder = ciBorder + [nOff. New cOff. + cRepair nRepair ] + δcBorder

(3.16)

The cost and number of wall repairs per year are directly linked to the design and material selection
of the UMBW. This model does not include the initial cost of building the UMBW.
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The model for the performance measure, the number of illegal immigrants in the U.S.
workforce, n fWork , is
n fWork = (niWork + n fEnter

niWork
)[1 − (kArrest + kReturn )] + δnWork
niPop.

(3.17)

The number of illegal workers will be affected by how many workers are entering the country and
how many are either leave for their home country or are arrested.
The model for the requirement number of illegal immigration court cases, n fCourt , is,
n fCourt = niCourt + [niCourt kArrest kReturn kSec. ] + δnCourt

(3.18)

As the UMBW assists border patrol officers arrest more illegal immigrants, the number of court
cases will increase, but as illegal immigrants return to their families, the number of court cases
decreases. The UMBW does not affect the number of arrests that occur away from the border.
This is captured in kArrest .
The last indicator is the trial time of illegal immigration court cases, t fIll. Court . The model
for this performance measure is,
t fCourt = tiCourt + [tiCourt kArrest kReturn kSec. ] + δtCourt

(3.19)

As there is a backlog of immigration court cases, as long as more people are arrested, the trial time
for court cases will continue to increase [95].
The models presented in this section represent only one of the iterations of their development. As more knowledge about the social impact of the UMBW was gained, the initial models
were improved. An example of this is with the addition of two variables, the factors that accounts
for the change in number of people attempting to cross the border, kCross , and the rate that people
change their border crossing method, kChange . These factors both came from a study on how border
enforcement on the U.S. Mexico border has impacted the behavior of illegal immigrants attempting
to enter the U.S. [87]. If more findings on the UMBW’s social impact were to be released, these
models should be updated.
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3.3.5

An Assessment of the Validity of UMBW Predictive Models
To assess the validity of the models used in this paper, we have examined four elements

of the models; the indicator-level models, the parameters used in each indicator-level model, the
structure of the top-level impact models (functions of indicator-level models), and the propagation
of error from unknown parameters to top-level impact models.
In Section 3.3.4, indicator-level UMBW models were developed and the logic associated
with each one was presented. The logic for each model is based on how the UMBW could reasonably impact the indicator’s present value. For example, the predictive model for the number
of illegal workers in the U.S. (Equation 17), is the current number of illegal workers, plus the
number of incoming workers, minus those who will get arrested or leave the country, plus the expected change in the number of illegal workers without the existence of the UMBW. The logic,
upon which each model is built, is based on current research on immigration trends and therefore
considered by the authors to be reasonable. Nevertheless, we believe UMBW models to be akin to
any engineering model in that as more information is gained, the models can be improved.
There are 44 input parameters that are used in the indicator-level models. 37 of 44 parameters come directly from databases or from the archival literature, 2 parameters are calculated,
and 1 is observed data (see Table 3.8). Even so, each parameter is uncertain to some degree. To
account for this, when the parameter value is obtained from a database or the published literature,
calculated, or observed, we impose gaussian uncertainty bound of at least a ±5% centered around
the published value as the mean. The 4 parameters that are estimated have a greater uncertainty
and thus a larger gaussian uncertainty bound is used; ±10% error.
The structure of the top-level impact model is a simple aggregation of indicator-level models and is patterned after [75], which is was derived from the UN’s Multidimensional Poverty Index. Although there are many potential ways to model impact, we believe the approach presented
in this paper is a reasonable starting point based on what is found in the literature.
The error propagated from the uncertain input parameters to the top-level impact model
was handled by a monte carlo simulation with 1 million samples [115]. This simulation is valuable
because it allows us to better understand the model’s sensitivity to uncertain parameters and to
declare confidence levels for the predictions made in this paper. We use the same approach as
Mattson et al., [116].
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Table 3.8: Descriptions and data sources for the parameters used in Equations 3.5–3.19
Description
Current, annual, national budget for border
Cost of a border patrol officer
Predicted cost of a typical border wall repair
Current, annual change to cBorder.
Current, annual change to nArr.
Current, annual change to nAtt.
Current, annual change to nChildren
Current, annual change to nCourt
Current, annual change to nCrim.
Current, annual change to nDeaths
Current, annual change to nFam.
Current, annual change to nOff.
Current, annual change to nWork
Current, annual change to tCourt
Increase border arrests factor
Changing location/method
of entering country factor
Increased border crossing factor
Return to home country factor
Length of UMBW
Current length of border barriers
Current annual border arrests
Current attacks on border officers
Current, unaccompanied minors entering
Current, annual, new
immigration court cases
Current, annual, federal criminal arrests
Current, annual, illegal
immigrant federal criminal arrests
Current, annual illegal immigrant deaths
while entering
Total illegal immigrants entering
Illegal immigrants entering
through the border
Current illegal immigrant families separated
Annual new border officers
Current border officers
Current illegal immigrants
Current illegal workers
Percent of illegal immigrants
entering across border
Current border county crime rate
Current time for average
illegal immigration court case
Increased security factor
Predicted time to cross with UMBW

3.3.6

Parameter
ciBorder
cOff.
cRepair
δcBorder.
δnArr.
δnAtt.
δnChildren
δnCourt
δnCrim.
δnDeaths
δnFam.
δnOff.
δnWork
δtCourt
kArr.

Source
[96]
[96]
[97]
[96, 98]
[99]
[100]
[101]
[102]
[103]
[104]
[105, 106]
[107]
[108]
[95]
[109]

kChange

[87]

kCross
kReturn
l fWall
liWall
niArr.
niAtt.
niChildren

[99]
[110]
[86]
[111]
[99]
[100]
[101]

niCourt

[102]

niCrim.

[103]

niCrimIll

[103]

niDeaths

[104]

nEnter

[112]

nEnterBorder

[112]

niFam
nNewOff
niOff.
niPop.
niWork

[113]
[107]
[107]
[108]
[108]

piBorder

[112]

riCrime

[114]

tiCourt

[95]

kSec.
t fThrough

Current time to cross

tiThrough

Current, annual change to nEnter
Current, annual change to pBorder
Replace border patrol officer factor
Predicted, annual number of
repairs to the UMBW

δnEnter
δ pBorder
kReplace

Calculated
Calculated
Observed from
online videos
Estimated
Estimated
Estimated

nRepair

Estimated

Predictions
In order to make predictions for the social impact of the UMBW, a specific design has to

be selected to make specific predictions for. The design used to make predictions in this paper is
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Figure 3.2: One of the prototypes for the UMBW, that was built in San Diego, CA [4].

one of the prototypse that were built near the San Diego border in 2018 [117]. It is composed of a
concrete foundation with square steel tubes for the lower half of the wall with a top section made
of concrete, see Figure 3.2. The predictions that have been made for this wall design can be seen
in Table 3.9.
One way of using the indicators presented in this paper is to aggregate them into a single
value to assist in decision making or optimization [75]. While this may not allow for a deep
understanding of the product’s impact, it is useful for comparing product options or different design
parameters. Table 3.10 shows the results of an approach of aggregating the social impact indicator
values for the UMBW. This approach is similar to what the UN uses in several metrics such as the
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Human Development Index and the Multidimensional Poverty Index [118, 119]. As a first step in
the approach, indicators are normalized by calculated the percent change, P, of each indicator. For
each stakeholder group, the P values have to be interpreted to be either a positive change or negative
change, by making the value either positive or negative. Then, the P values are added together into
their respective impact categories, C. The average value of each category C̄ is calculated and used
to calculate the total impact, IT ,

n

C̄i
i=1 n

IT = ∑

(3.20)

This IT value is the average percent change to all of the impact categories. Finally, the average
percent change to all of the impact categories of a control group, IC , is subtracted from IT to find
the actual impact.
Deciding whether the impact of the U.S. Mexico border wall is positive or negative is not
trivial. For any product, there can be positive and negative impacts for each impacted group. Table
3.9 shows the actual impact that is predicted for the border wall for each indicator, an increase or
decrease to each indicator, but does not indicate if those changes are good or bad. Determining if an
increase or decrease is a positive or negative impact is dependent on the stakeholder needs. For the
example in this paper, three stakeholders are accounted for, Border Patrol, local communities, and
illegal immigrants. The choice of whether an impact is positive or negative for each stakeholder
should be made independently from the other stakeholders. Incidentally in this paper, Border
Patrol and local communities share the same positivity and negativity for each indicator while the
positivity/negativity of some indicator values are different for illegal immigrants. The UMBW is
predicted to have a net positive impact on Border Patrol and local communities and a net negative
impact on illegal immigrants, as shown in Table 3.9.

Specific Predictions
Table 3.9 shows different predictions for each indicator in different scenarios. The column
labeled Current Value is the most recent available indicator value, No UMBW Estimation is a
prediction of future indicators values assuming no wall is built, Predicted Value with UMBW is
a prediction assuming the UMBW shown in Figure 2 is built, Impact of UMBW is the impact of
the UMBW following Equation 3 where YT is the Predicted Value with UMBW and YC is the No
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UMBW Estimation, and Impact of UMBW with Cameras is the impact of the UMBW following
Equation 3 where YT is the predicted values of the UMBW with cameras (not shown in Table 8)
and YC is the No UMBW Estimation.”
According to the models presented in this paper, we predict that the UMBW will decrease
the number of illegal immigrants who enter the country through the border on foot (Table 3.9,
nArr. ). At the same time, we predict that a higher percentage of illegal immigrants will enter the
U.S. through other ways, such as overstaying non-immigrant visas, (Table 3.9, pBorder ). Already,
more people enter the country illegally by overstaying visas than crossing the border on foot [120].
It is predicted that a border wall would increase the rate that illegal immigrants enter the country
by other means.
Also, we predict that the border wall will have some negative impacts on Border Patrol
officers and local communities. We predict that the number of assaults on Border Patrol will
increase slightly (Table 3.9, nAtt. ) and the number of border patrol officers will decrease as the
UMBW can do the work of many officers (Table 3.9, nOff. ). Reducing the number of border patrol
officers will also have a negative impact on border communities where border patrol officers are
employed. Even so, the annual spending on the border will not change significantly (Table 3.9,
cBorder ). As border officers are laid-off, the costs of maintaining the UMBW will replace the cost of
the laid-off officers.
It is predicted that, illegal immigrants will be negatively impacted by the UMBW. Less
illegal immigrants will be able to enter the country through the border, which will make entering
the country more difficult. As illegal immigrants find a new method of entering the country, we
predict that more illegal immigrants will be arrested by Immigration and Customs Enforcement
(ICE) officers than border patrol officers. ICE arrests often go to court, which means that the
number of illegal immigration court cases will increase (Table 3.9, nCourt ).
As another step in probing the validity of the models developed, a prediction of each indicator when no wall is built is also included in Table 3.9. This is done as a way of comparing to
the current indicator trend. The results of the study show that for all but 3 of the indicators, the
no-UMBW estimation and the UMBW prediction will both either increase or decrease the indicator value similarly. For example, the models predict that both options will decrease the number of
arrests at the border (Table 3.9, nArr. ), but by different amounts. Further, it is predicted that for three
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of the indicators, building the UMBW will have an opposite effect when compared to not building
the UMBW. These three indicators are, the number of attacks on border patrol officers (nAtt. ), number of federal criminals arrested (nCrim. ), and the number of unattended children crossing the border
(nChildren ). If the current trends for these indicators continue, it is estimated that without building
the UMBW, nAtt. . will decrease, nCrim. will increase, and nChildren will increase. According to our
predictive models, the UMBW has the potential to increase nAtt. and decrease nCrim. and nChildren .
Table 3.9: Predictions for the UMBW indicators using equations 4-17. The predicted time to
break through this UMBW design is also included tT hrough .
Indicator
nArr.
nAtt.
nCrim.
pBorder
nEnter
nChildren
nDeaths
nFam.
nOff.
cBorder
nWork
nCourt
tCourt
tT hrough

Current
Value
396,579
794
45,069
37.3%
510,000
59,692
294
150,000
16,605
$13.94 bil.
7,800,000
295,062
746
60

No UMBW
Estimation
350,430
744
49,619
22.4%
381,428
79,464
259
168,979
16,183
$14.32 bil
7,142,870
361,663
774
N/A

Prediction
180,974
1,681
36,895
17.8%
300,222
40,224
66
161,555
8,615
$14.32 bil.
7,088,996
362,126
775
492

Actual
Impact
-169,457
937
-12,724
-4.5%
-81,206
-39,240
-193
-7,424
-7,568
-$1.40 mil.
-53,874
464
1
432

Camera
180,977
1,577
36,896
17.8%
300,171
40,223
36
161,560
7,668
$14.32 bil.
7,089,280
362,123
775
492

Table 3.10: Synthesizing the social impact data for each stakeholder group.

Method
Average

Without Cameras
Border
Illegal
Patrol and
Immigrants
Communities
0.1549
-0.0714

With Cameras
Border
Illegal
Patrol and
Immigrants
Communities
0.1663
-0.0623

Synthesized Predictions
By modeling what the impacts of the UMBW are on immigrants, border patrol, and local
communities, the methods by which the impact of the UMBW can be improved are found. Social
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impact indicators can help the engineer identify product features that could improve the impact
on all identified stakeholders. For example, the indicator, deaths along the U.S. Mexico border
(nDeaths ), negatively impacts all of the stakeholder groups identified. If a new UMBW feature could
reduce nDeaths then it would positively impact stakeholders. One such feature could be sensors
and cameras along the UMBW where the most number of deaths occur. A system of cameras or
sensors that alert Border Patrol agents when illegal immigrants are in dangerous areas along the
border could help save lives, and improve the social impact of the UMBW. It is estimated that by
adding cameras to the UMBW, the impact of the UMBW on Border Patrol and border communities
is made more positive by 0.0113, an 8.27% increase, and the impact on illegal immigrants is made
more positive by 0.0091, a 6.68% increase (Table 3.10).”

Sensitivity Analysis
A sensitivity analysis was conducted to determine the sensitivity the synthesized impacts
have to the parameters in Equations 3.5–3.19 that were estimated (δnEnter , δ pBorder , kReplace , nRepair ),
see Table 3.11. It was found that when doubling the standard deviation of the parameter values,
the sensitivity to those parameters is still very small. This may be due in part to how the final
synthesized impacts are calculated, following Equation 3.3. Potentially, the added uncertainty of
these parameters may be canceled out because these parameters only appear in one equation each
and are present in the impacted and control groups.
Table 3.11: Sensitivity analysis of the parameters which are estimated, see Table 3.8

δnEnter
δ pBorder
δnFam.
kReplace
nRepairs

UMBW no Camera
Border Patrol &
Illegal
Communities
Immigrants
4.44E-04
4.37E-05
4.19E-04
9.54E-06
-4.47E-04
-1.04E-03
-3.84E-04
-9.72E-04
2.50E-05
-5.89E-05
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UMBW with Camera
Border Patrol &
Illegal
Communities
Immigrants
-3.07E-05
5.23E-06
2.43E-04
2.80E-04
-1.10E-03
-1.37E-03
-6.80E-04
-1.25E-03
2.04E-05
5.23E-06

3.4

Concluding Remarks
Creating social impact models requires that the engineer and other members of the devel-

opment team are well informed of the social factors that are affecting the indicators. Most often,
the product is not the only influence that is changing indicator values. This can be seen with the
U.S. Mexico Border Wall example. The indicators related to Civil Rights are also impacted by
government policies regarding the rights of illegal immigrants. In fact, the UMBW’s construction, maintenance, staffing, and completion are all impacted by government policies. This is true
for many other products as well. Medical devices, automobiles, and buildings are all subject to
changing government regulations that may change their social impact models.
Some of the factors that are created in the initial models will likely change as more information is gained. Many of the models for the U.S. Mexico border wall use a factor called the
security factor, kSec. . The purpose of this factor to measure how much more effective the border
wall is at inhibiting people from crossing the border. It is possible that after further testing the
models, a single factor that scales many models is found to be insufficient.
Simple models, such as the models used in this paper, are likely what will be used to predict
a product’s social impact in the early stages of product development. Even simple social impact
models can be used to improve a product’s design. Using the simple models used in this paper for
the US Mexico border wall, it was found that by decreasing the number of deaths along the border,
all stakeholders are benefited. This indicator was used to brainstorm new features that can improve
the border wall’s social impact. At least initially, instead of focusing on creating models that are
perfectly accurate, it can be more important that they are useful [121].
Often social impact is depicted as a complex problem that cannot be constrained in a way
that is usable for engineers. In this paper, it is shown that models can be created that predict the social impact of an engineered product. Because this method starts with information that the engineer
already collects in the product development process, this new method of predicting and improving a product’s social impact can be completed concurrently with traditional product development
processes. By implementing the method introduced in this paper with an existing product development process, an engineer can have social impact indicators as performance measures alongside
traditional engineering performance measures. This will enable an engineer to possibly optimize a
design based on both the functional performance and its social performance.
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As this paper simply introduces a method of modeling a product’s social impacts, there is
future work to be done. First, more complex models of product social impact could be explored. As
Equation 3.2 is a common method used by social sciences to predict the impact of social programs,
it was used in this paper. It is possible that social impact models for products could have different
forms depending on the product and impact. New visualization, data collection, and prediction
techniques could allow product impact predictions to use more complex models as well. Future
studies on impact modeling could be focused on how to account for multiple stakeholder types,
such as humans, plant and animal life, and governments and companies, simultaneously. Such a
method holds potential to increase a product’s sustainability. Another item of future work is how
to handle multiple stakeholder groups of different sizes, and to discover how the population size
affects the prediction (e.g., individuals and populations.).
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CHAPTER 4.
CREATING PREDICTIVE SOCIAL IMPACT MODELS OF ENGINEERED PRODUCTS USING SYNTHETIC POPULATIONS

4.1

Introduction
Engineered products have the potential to help solve some of the world’s development

problems [122,123]. Globally more than 700 million people live in extreme poverty, 65% of people
do not have properly managed sanitation, 10% of people do not have access to clean drinking
water and almost 9% are undernourished [124, 125]. But advances in products engineered for the
developing world can help address food insecurity, for instance, by improving inefficiencies in
food production processes, storage, and preservation, and transportation and infrastructure.
These global problems are part of complex socio-technical systems of products, processes,
and people. When engineering for global development, these systems can contribute to the success
or failure of an engineered product [37]. To improve the probability that a product will positively
impact users and help solve a development problem, product designers would benefit from being
able to predict and improve a product’s impacts during the product development process.
Currently there are methods for identifying a product’s social impacts, but these methods
insufficiently account for the complexity of a product’s socio-technical system [12, 26]. Sociotechnical systems have technical components (products, infrastructure) and social components
(people, culture) both affect the system’s behavior and performance [81]. Best practice for modeling socio-technical systems requires not the joint modeling and optimization of the social and
technical components [81]. One of the reasons this has been difficult is that aggregated population
data has used to create the predictive social impact models [12]. Since aggregated data is presented
as a population’s mean values, these methods mask differences within the population and are unable to predict how engineered products may impact sub-populations and individuals. This paper
introduces a method of creating individual-level predictive social impact models and simulations
for quantifying the social impacts of engineered products on individuals and communities. While

65

this method has limitations, it can help product designers increase the impact of their products by
formulating the relationship between a product’s performance and its social impact, helping designers quantify social impacts, and affording product designers the opportunity to make design
changes in response to social impact predictions.
This paper begins by describing the research on product social impact models and synthetic
populations. Then, the method for creating predictive individual-level social impact models is
presented. An example is included for predicting the social impact of an experimental cassava
peeler being developed with farmers in the Brazilian Amazon. Finally, limitations and concluding
remarks are provided.

4.2

Literature Survey
Burdge defined social impacts as a change in “the day-to-day quality of life of persons”

[18]. One review of studies examining the social impacts of products from a variety of engineering
and social science literatures developed a list, while not intended to be exhaustive, of 11 different
social impact categories for engineered products including health and safety, paid work, stratification, human rights, education, family gender, population change, conflict and crime, social
networks and communication, and cultural identity/heritage [1].
In engineering, a small but growing number of researchers are undertaking the systematic
study of the social impact of engineered products. In a study by Pack et al., engineers, managers,
and executives from 34 companies were interviewed on how much they considered the 11 social
impact categories identified by Rainock et al. in their designs [19]. Pack found that while the social
impact categories are recognized by many individuals and organizations, they are most often not
included in processes that can help engineers make better engineering and product decisions [19].
In a previous paper by the authors, a method of identifying a product’s social impact and
creating predictive models of social impacts was introduced [12]. This method used national-level
aggregated data to predict a product’s social impacts on aggregated groups. While that method
helps identify social impacts and create predictive models, the predictions made were based on the
assumption that social impact differences across a population are not of interest.
The social impact of a product is a function of a product’s engineering parameters and
outcomes as well as a user’s current situation and condition [11]. This means that the social impact
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will differ from one person to another depending on the user’s social, cultural, and material needs
and preferences and adoption of a product. For social impact models to capture how social impacts
change throughout a population, a product’s social impacts should be measured or predicted at the
individual level.
Creating individualized social impact models requires a dataset that is representative of the
population under examination. Such a population can be created through population synthesis, a
technique that enables the use of multiple data sources to create a population of agents who resemble an actual population [126]. Synthetic populations have been used in creating models of
complex systems such as disease transmission and social networks [127]. Approaches of population synthesis include multi-fitting algorithm [128], iterative algorithm [129], and quantile-based
synthesis [130].
In a comprehensive study of population synthesis methods by Müller, many different synthetic population creation approaches were described that use a combination of individual-level
data and aggregated population data to create synthetic populations [126]. Similarly, Barthelemy
introduced a method of creating a synthetic population without the use of sample data [131]. A
common goal for all synthetic population methods is to have the synthetic population’s statistics
match the actual population’s. In the case of microsimulations, such as product social impact prediction, it is also desirable for individuals in the synthetic population to match actual individuals.
Creating synthetic individuals that mimic actual individuals requires more individual-level information, such as data that comes from conducting surveys, census reports, or a more comprehensive
technique [132].

4.3

Methodology
The method introduced in this paper helps product designers create predictive models that

inform how a product impacts individuals within a population. Once models are created, quantitative social impact values can be calculated by using an iterative simulation. This methodology
can be initiated in the early to middle phases of product development, specifically once a product’s
concept and product users have been specified, but cannot be completed until the product’s performance can be modeled or tested. To be clear, Step 1 can begin as soon as a product concept has
been selected, but Step 2 and 3 cannot be completed until the product architecture has been defined
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Figure 4.1: The major steps of the method are to identify the product’s social impacts and the
impacted population, create the social impact models, and run the simulation. The method is
meant to be iterative and improve the models and predictions throughout the product development
process.

and performance can be predicted, see Figure 4.1. Like many modeling methods, beginning the
method in early product development and continuing to use it during the product development process can help inform the designer of potential design changes according to the product’s predicted
social impacts.
The predictive models created should be dependent on a product’s engineering parameters
as well as a user’s individual characteristics. Thus, it is necessary to have selected a product
concept and target market before beginning the method.
The methodology presented in this paper is divided into three main steps, identify impacts
and population, create social impact models, and run simulation, as shown in Figure 4.1. The
first step of the method, Identify Impacts and Population, is meant for identifying potential social
impacts, data gathering, and creating the synthetic population. This step can begin after a product
concept has been selected. The second step, Create Social Impact Models, is for correlating a
product’s impacts with characteristics from individuals in the synthetic population and for creating
the mathematical models. The third step, Run Simulation, uses what was created in step two to
run an iterative simulation that identifies impacted individuals from the synthetic population and
calculates the product’s impact.
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The method is also iterative. Often, a product designer does not begin development of a new
product with a clear understanding of who exactly the product users will be or what the important
product parameters should be. Similarly, understanding and predicting a product’s social impacts
is continually improving as more data is collected and as the product evolves.
Additionally, this method can be used for different types of product ownership including
shared ownership, consumer purchased products, and products purchased and used by business
entities. It is important to identify product owners as stakeholders and include them in the predicted
social impact and socio-technical system models because product owners and users are directly
impacted by the product. Furthermore, including product owners in the socio-technical model
creation and validation can help create models that account for more of the system’s intricacies.
Before describing the method, there are two aspects of the predictive models that need to
be explained. First, product social impacts are predicted for a specified interval of time. Social
impacts often change over time, similarly to how product adoption can change with time [133].
For this reason, to generate a quantitative prediction it is necessary to constrain the model to a
specific time frame, such as one month or one year.
Second, since the social impact of a product is dependent on the product performance,
demographics, and social factors, the models should include uncertainty in their predictions. Uncertainty is often unavoidable in predicting a product’s social impacts. For instance, there is uncertainty in the user and product parameters that are input into the predictive models. There is also
uncertainty in determining which individuals in the population will be impacted by the product.
Both of these uncertainties can be accounted for in this method by utilizing a simulation.
In each iteration of the simulation, the predictive model inputs (such as the user characteristics
or product performance) can modulate according to an previously observed uncertainty. Also, in
each iteration a different set of potential users and impacted individuals can be chosen. This way,
the results of the simulation are a range of potential impacts instead of a specific value. This is
representative of the uncertainty present when predicting a product’s social impacts.
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4.3.1

Step 1: Identify Impacts and the Population

Identify Potential Social Impacts
The initial step of this method is to identify what social impacts a product will likely have.
The process for identifying a product’s social impacts in this paper follows a method previously
introduced by the authors [12]. This begins by identifying a product’s users, requirements, and
objectives. This information is then used to help identify the pertinent social impact categories,
according to the 11 categories identified by Rainock et al. [1]. The relevant social impact indicators
are then selected.
Social impact indicators are measurable values that are meant to typify a product’s impact
on the day-to-day life of individuals and allow the quantification of an otherwise abstract concept [73]. Specifically, a product social impact indicator is a measurable condition that either an
individual in the population can have, such as an income, or that the collective population can
have, such as employment levels, that the product is likely to change through its implementation
and performance. Indicators can be found in existing databanks, such as The World Bank, or
created according to the expected product performance and product-user relationship.
The number of social impacts categories and indicators included is likely different for any
given product. In general, products often have more than one social impact. Ottosson et al. found
that, for the sample of 150 products they examined, if a product had an impact on health and safety,
the probability of having an impact in one of the other categories was between 7% and 43% [2].
Similarly, each social impact category usually requires more than one indicator to encompass the
concept of a social impact. This is especially true if there is more than one impacted group of
people or demographic.
There are other design approaches that may help identify a product’s impacts and understand the product’s system. One of these is codesign, which is designing and developing a product
with consumers and stakeholders [134]. With this approach, the product users and stakeholders
help the designer identify social impacts and help avoid potential negative impacts through their
involvement in the design process.
An alternative approach to identify social impacts is by using a system dynamics approach.
Subrahmanian et al. introduced a framework (PSI framework) for engineers to identify system level
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influences on the social and economic benefits of an engineered product [123]. The institutional
factors that are identified using the PSI framework can help avoid barriers in amplifying a product’s
impact and avoid negative social impacts.
While it might be preferable to make predictions for all the social impacts identified, since
the social impact predictions will affect a product’s design and implementation, care should be
taken to ensure that product social impacts are predicted while (i) being aware of who the product’s
stakeholders are, (ii) having a reasonable understanding of how the stakeholder’s socio-technical
system will adopt and adapt to the product, and (iii) using reliable stakeholder data. While this
may limit the number of impacts that can be confidently predicted, it increases the likelihood that
the predictions will be reliable enough to make product design and implementation decisions. In
the case when limited resources allow for predicting only a few social impacts in this manner, the
product designer should focus on the impacts that best represent and inform the product designer
about the product’s impact, are most valuable to the product’s design, and help the designer avoid
harming users and other stakeholders.

Obtain Demographic Data and Create the Synthetic Population
Once the potential impacts have been identified, data on the product’s users needs to be obtained. Commonly this includes demographic data, such as information about income, occupation,
education, family, and living conditions. Additional data might be collected to better understand
the users’ cultural attitudes or preferences and explore other potential social impacts. The data
required depends on what social impacts are predicted. It is possible that additional data will be
collected at different stages of the method, but an initial dataset can help create a preliminary set
of social impact models.
The purpose of this paper is not to detail a procedure of creating a synthetic population as
others have done [128–130,135,136], but some relevant points are given here. Since the social impact predictions in this method are at an individual level, it is important that the inter-dependency
of an individual’s characteristics, (ex. how an individual’s age, occupation, family size, and education contribute to income) match what is present in the actual population. In the simulation, a social
impact might be dependent on multiple data points. This is often the case for impacts on gender or
family when impacts are dependent on an individual’s gender or marital status. Maintaining this
71

inter-dependency is not possible with all population synthesis methods. Two population synthesis
methods that can achieve this are using micro-data to create the synthetic population and using a
copula based approach [136, 137].
Since micro-data contains multiple variables for each individual in a population, the relationship between personal characteristics is already included. Even though micro-data includes
multiple data points, it may still be necessary to add data to the synthetic population from another
dataset. When this is the case, datasets can be combined by correlating similar individuals in each
data set by their common variables [137]. This is possible when each dataset shares at least one
demographic (e.g. income, age).
When micro-data are not available, a copula based approach can be considered. Copula
approaches use iterative algorithms to create correlation matrices that represent the population’s
inter-dependencies between individual characteristics [136]. These matrices are then used to create
the individuals in the synthetic population.

4.3.2

Step 2: Create social impact models
After the potential impacts are identified and the synthetic population is created, the model

creation can begin. In this paper, model creation is divided into two different steps: 1. determining
which individuals in the population are likely to have each social impact indicator, and 2. creating
the mathematical equation for each indicator.

Map Social Impacts to Synthetic Individuals
To accomplish the first part of Step 2, the product designer must identify the sub-set of
individuals from the synthetic population who have the greatest likelihood of being impacted by
the product. Most often, products and their impacts do not reach every individual in a population
and even if individuals have access, they may not adopt it. Additionally, because each individual
in the population has different demographics and personal conditions, a product’s calculated social
impact values change depending on which individuals from the population decide to adopt. The
understanding of who in the population would be otherwise impacted by a product will be used in
Step 3 to identify impacted individuals for each iteration of the simulation.
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In their book Designing for society: Products and services for a better world, Tromp and
Hekkert describe how to map a product to social implications through different use cases in mediation mapping [138]. Tromp and Hekkert map 5 of a microwave’s different use cases to 7 different
social implications, or impacts. While this is a good exploratory method, to make quantitative predictions, the social impact needs to be calculated in terms of the demographics and conditions of
specific individuals. For example, Tromp and Hekkert map the use case heat-up individual meals
to the social impact women in higher positions. As women save time on food preparation, they
are able to work later in the day, resulting in more promotions. For a quantitative social impact
to be predicted, the characteristics of individuals who might have the impact of women in higher
positions needs to be identified. These characteristics might include a combination of gender, age,
economic status, and employment condition. Then for each iteration of the simulation, a set of
individuals who have the aforementioned characteristics are modeled as having the impact of obtaining a better occupation. Once the individuals are selected, specific impacts can be calculated
using the mathematical equations discussed below.
Some of the understanding that is required to map impacts to individuals can be determined through ethnographic research or other data collection methods. Using surveys, interviews,
and participatory design can help the designer better understand the product’s socio-technical system and identify which individuals from the population have a greater likelihood of being impacted
by the product [139]. Lacking contextual knowledge was found to be the greatest pitfall for design
teams working on cross-border design for the developing world products [37]. Gaining access to
this type of data can be difficult, but is invaluable [140]. Furthermore, products that are developed with little contact with local product users and other stakeholders have lower adoption rates
compared to products developed using a participatory design approach [122]. If the impact to individual relationships from the product’s observed environment system are not integrated into the
predictive models, then the models and simulation results will only reflect the product designer’s
assumptions and biases.
Another approach is to use a socio-technical system model to identify social impacts and
barriers to social impacts within the product’s system . The PSI framework helps the designer
identify the specific problem their product is solving, how that product fits in the existing social
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structure, and how the existing institutional structure might affect a product’s adoption and impact
[123].

Create Mathematical Models
Once the social impacts have been mapped to synthetic individuals, the product designer
can create the mathematical social impact models. The product social impact models used in this
paper are the same as previously used by Stevenson [12] and introduced by Khandker [76]. The
general form of the equation is,
I f = Ii ∆0 + M∆P

(4.1)

where I f is the predicted value of a social impact indicator, Ii is the initial indicator value, ∆0
accounts for the anticipated change to the indicator without the effect of the product, M is a binary
value that differentiates an impacted individual from a non-impacted individual, and ∆P is the
change the product is predicted to have on I f .
In Equation 4.1, Ii is the current value of an individual’s condition related to a specific social
impact. For example, if a product will impact the user’s income, Ii is the product user’s current
income. The term M can be understood to be a 1 by n matrix where n is the number of individuals
in the synthetic population. It is meant to be a mathematical representation of the mapping of
social impacts to individuals, where it equals 1 for impacted individuals and 0 for non-impacted
individuals. In this way, for each iteration of the simulation, ∆P is only applied to individuals who
are impacted that iteration. Additionally, since a different set of individuals are impacted each
iteration, some elements of M also change each iteration.
Usually the term in Equation 4.1 that is most difficult to identify is ∆P . The approach used
in this paper for finding ∆P is to either identify an existing relationship between the impact and
a product parameter (approach proposed previously by the authors [12]) or to identify a product
output that is related to the social impact. Since the field of product social impact is still new
and forthcoming, determining direct links between product parameters and social impacts is still
difficult. Often it is more practical to find an intermediary product outcome that has been found to
lead to specific product impacts. This is similar to an approach used in social policy assessment
known as a logic model [141]. In a logic model, a graphical mapping is created that connects social
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Figure 4.2: For each iteration, different individuals are randomly selected (from the set of individuals who have the greatest likelihood of being impacted) and, subsequently, the value of the
calculated social impact is unique to the selected individuals.

resources and activities to certain outcomes and impacts. A similar approach can be utilized to
map product parameters to performance outcomes. Subsequently, these outcomes can be mapped
to specific social impact indicators.
The inputs for Equation 4.1 should include the value’s uncertainty. Whenever possible,
this uncertainty should come from the data source. When uncertainty values are not available, the
product designer can assume an uncertainty value in order to make initial predictions. As more
information is collected from data sets and the stakeholders, these assumed uncertainties should be
revised.

4.3.3

Step 3: Run Simulation
Once the mathematical models are created, the simulation can be run. The purpose of the

simulation is to identify a product’s potential social impact values, see Figure 4.2. In each iteration, a different set of individuals from the synthetic population are impacted. Since the calculated
social impact for each individual is slightly different due to differing demographics and individual
characteristics, the product’s calculated social impact value changes each iteration. After the simulation is complete, the result is a range of values for each social impact indicator. Each iteration
of the simulation has two basic steps, determine the impacted individuals and calculate the social
impacts for those individuals.
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Determine the impacted individuals
For each iteration of the simulation, a set of individuals from the synthetic population are
impacted by the product. Individuals are selected from the synthetic population according to the
set of individual characteristics that were identified in Step 2.
In most cases, a different set of individuals should be selected each iteration of the simulation. This increases the likelihood that there is an iteration where the impacted individuals
resemble the individuals who are impacted from the actual population.
Similarly, the simulation should also sample from all of the individuals who have the characteristics from Step 2 and not a subset of these individuals. If the simulation only chooses from
a select set of the potentially impacted individuals, then the likelihood that the product’s actual
impact is captured in the impact predictions decreases.

Calculate social impacts
Once the impacted individuals are identified, the social impacts are calculated and recorded.
When product or individual parameters include uncertainty, it is anticipated that with each iteration,
even given the same group of individuals, the quantitative value of the product’s social impacts
will be slightly different. This is because the value of uncertain parameters modulate slightly each
iteration, to account for the parameter’s uncertainty.
The models and simulation results can help the product designer find how to improve a
product’s social impact. First, the relationships between either product parameters or performance
measures and social impacts can be used to improve the product’s social impact. In product design,
a product’s performance is often controlled through design changes so that the product meets or
exceeds certain product or system requirements [142]. Using the method in this paper, a product’s
performance measures can include an additional objective, improving a product’s social impact.
Second, the simulation results can help a product designer know how to improve the product’s impact. In this method, social impacts are calculated at the individual level and, because
of individual characteristics, the quantitative value of the social impacts change for different individuals. Therefore, it is expected that there are individuals, or even sub-populations, inside the
population that would have a larger social impact value than others. This information could be used
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Figure 4.3: Poor quality farinha, has impurities and non-uniform shape.

to create a product implementation strategy that focuses on delivering the product to the individuals
and sub-populations that have the greatest social impact.

4.4

Example Social Impact Study - Cassava Peeling Machine
In order to demonstrate the methodology introduced in this paper, an example is presented

here. To illustrate the types of models and results that can be created, this example presents the
results of several iterations through the methodology to refine the models and results.
The product used in this example is a mechanical cassava peeling machine under development by the authors of this paper and others. This machine is part of an experimental, semiautomated cassava processing facility in partnership with the Itacoatiara Rural Farming Cooperative in the Amazon region of Brazil. The Itacoatiara Rural Farming Cooperative helps local farmers
through free training and site visits to improve the farmers’ productivity and profitability. The cassava processing facility will peel, mulch, press, sift, and cook cassava to produce what is known as
farinha, as shown in Figure 4.3.
Cassava is a vital resource, especially in developing countries. In 2018 it was the second
largest staple food supply for least developed countries by kilogram (41.9 kg/capita/year) and the
fifth largest staple food supply for least developed countries by calorie (105 kcal/capita/day) [125].
Throughout the product development process, the design team attempted to design a machine that would have a positive impact on the Itacoatiara Rural Farming Cooperative, local farmers, and farinha consumers. An important factor for determining the cassava peeling machine’s
social impact is understanding how the cooperative and local farmers will use the machine. During
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Figure 4.4: High quality farinha ovinha, has uniform shape and impurity free.

the harvest season, the cooperative plans to first use the cassava processing facility for processing
and peeling the cassava they produce, then allow local farmers to process their cassava for a fee.
The farinha produced with the peeler and other automated processing equipment at the facility
is a higher quality product, sometimes called farinha ovinha (little egg), that is only made in the
Amazon region, see Figure 4.4.
In order to determine how much profit the group and other farmers using the peeler could
expect from farinha ovinha, price data was collected from stores in Itacoatiara and the capital city
of Manaus, see Table 4.1. The mean price from these stores was R$5.02 per kilogram. For this
example, a conservative price of R$3.00 per kilogram is used. According to the 2017 Brazilian
Farming Census, farmers typically earn between R$1.20 - R$1.67 per kg of farinha [143].
In this example, the costs to transport and store cassava are not included in the social impact
predictions. The proposed cassava processing facility is located on the main paved highway in
the region, which will aid in transporting cassava to the facility, see Figure 4.5. Additionally,
many farmers already transport their cassava to the city market via this same highway. For the
interested reader, a different study by the authors accounted for the poor transportation conditions
of Amazonian fruits to markets [22].

78

Figure 4.5: The highest concentration of farmers within the municipal limits of Itacoatiara are
along the highway and on dirt roads that stem from the highway.

Table 4.1: Price of farinha ovinha, in Brazilian Reals, from four stores in Itacoatiara and a store in
Manaus, store 5.

Price (R$/kg)

4.4.1

Stores Selling Farinha Ovinha
1
2
3
4
5
6.00 4.16 2.35 3.98 5.29
6.00
7.99
5.25
4.29
5.59
4.29

Identify Impacts and Population

Identify Social Impacts
Insights gained from locals was important in identifying each of the cassava peeler’s impacts. Data was collected through interviews and conversations with local farmers, individuals
from the Itacoatiara Rural Farming Cooperative, farm hands, and farinha consumers. The Itacoatiara Rural Farming Cooperative was instrumental in helping the design team reach decisions about
the product’s design and what impacts are important, see Table 4.2.
The stakeholders that this study will focus on are the local farmers and community. Since
the farmers make money from their cassava, farmer income was also identified as a social impact
indicator, see Table 4.2. Furthermore, the farmers’ families and other community members will be
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Table 4.2: Identified Social Impacts for the Cassava Peeler.

1

Social Impact
Category
Paid Work

2

Health and Safety

3

Health and Safety

4

Family, Paid Work

5

Health and Safety,
Stratification

Social Impact
Indicator
Farmer income
Time in non-ergonomic
position during
peeling process
Local consumption of
sanitary farinha
Time spent peeling
Consumption of sanitary
farinha by farmer
family members

consuming farinha that is more sanitary than what they currently have. Because the farmers and
other community members consume farinha, there is potential that it might improve their health
(health & safety impact) by granting access to sanitary farinha to those who otherwise would
consume contaminated farinha (stratification impact).
Through conversations with our local partners and site visits to Brazil, we learned that
traditionally cassava is peeled in open air structures (see Figure 4.6). The cassava is often peeled
by a large group, mostly women and children [144]. Because the subsistence farmers often have
insufficient resources they peel cassava with improvised tools and dull knives while sitting on a
dirt floor. This process takes many hours over several days or weeks, depending on the size of the
harvest and is notoriously unsanitary. Additionally, the poor ergonomics of this work leads many
to develop back and neck problems [144]. The social impact indicators related to these impacts can
be seen in Table 2 and are the time spent peeling and the time in non-ergonomic position during
the peeling process.
While it is likely that other stakeholders are impacted by the peeler throughout the processed cassava supply chain, such as cassava farmers and processors in other parts of Brazil, these
impacts are not considered in this example. According to EMBRAPA, the Brazilian Agricultural
Research Corporation, in 2016 the processed cassava market was over R$10 billion ($1.91 billion
USD) in Brazil [145]. The production in the state of Amazonas accounted for only 4.04% of the
national production.
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Figure 4.6: Example of a traditional, open air farinha house used to stage the testing of a prototype
cassava peeler.

Obtain Demographic Data and Create the Synthetic Population
The data used to create the synthetic population in this example came from the 2010 Brazilian Census (micro-data) [146] and the 2017 Brazilian Agricultural Census (aggregated data) [143].
The data used in this example does not include any identifiable information about the individuals
and is only used for analysis purposes. The two data sets are combined by matching individuals
from the 2010 census with the proper statistics from the 2017 census based on the farmer’s age and
gender, which are included in both datasets.
The data used from the 2017 Brazilian Agricultural Census is aggregated according to
farmer age, gender, and land size segments. This dataset includes average values for important
data (e.g. land productivity, portion of production sold) for each segments, but does not include any
standard deviations. For land productivity, the data is jittered by up to 20% of the aggregated value
to replicate differences between soil quality and farming practices between farmers, see Figure 4.7.
For the portion of cassava sold, it is assumed that each farmer sells the average amount, according
to their land size.

4.4.2

Create Social Impact Models

Map Social Impacts to Individuals
In order to understand which farmers in the synthetic population might be impacted, the
design team has been participating in codesign with local farmers and members of the Itacoatiara
Rural Farming Cooperative. The authors have traveled to Itacoatiara and interacted with cassava
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Figure 4.7: Land productivity is jittered to mimic the distribution that is present in the actual
population.

farmers and members of the cooperative many times. Between trips to Brazil, virtual meetings
have taken place whenever there were questions about how the peeler might be used, who might
use the peeler, and the other operations in the processing of cassava.
These interactions were vital in mapping the social impact indicators to individuals in the
synthetic population. For example, the authors learned that cassava farmers in the region typically
use farinha in four different ways often in combination. These actions are, in order from most
likely to least likely, the farmer and their family consume the farinha, the farmer uses the farinha
to barter with neighbors, the farmer sells the farinha in a market, or the farmer hires someone to
sell their farinha at a market. To simplify the model, it is assumed that the farmer and their family
always consume the farinha and the farmers continue to sell farinha at average levels according to
data from the 2017 census for R$3.00 per kilogram.

Create Mathematical Models
Since local farmers will use the peeler after the cooperative’s cassava is peeled, it is necessary to calculate how much time the peeler is available for the farmers to use it. For this example,
the interval of time for calculating the social impact of the peeler is one month of harvesting. The
impact of the peeler will not be instantaneous, but rather increase over time as more farmers use
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Figure 4.8: The cassava peeling machine concept used in this example has twelve different cassava
turntables that move between peeling and preparation stations and is capable of peeling up to 720
kg of cassava per hour.

it to process their cassava. A month is used because once cassava is ready for harvest, a farmer
typically has one month to process the cassava before the cassava begins to rot and lose value. The
equation for the number of days per month that the peeler is available for farmers to use, tfarmer , is
tfarmer = ttotal − mgroup /rpeeler

(4.2)

where ttotal is the total time available in a month to peel (20 days), mgroup is the kg of cassava the
group needs to peel per month (30,000 kg), and rpeeler is the machine’s peeling rate.
The rate of peeling is calculated by dividing the mass of cassava that can be peeled per
cycle by the time per cycle. The peeler concept used for this example is capable of peeling six
cassavas per cycle, see Figure 4.8. The time per cycle is anticipated to be 90 seconds, 60 seconds
to peel and an additional 30 seconds to prepare the cassava per cycle. Using a 3 kg mean for the
mass of each cassava root, rpeeler is 720 kg/hr. Using these values in Equation 4.2, it is anticipated
that local farmers will have 11.7 days per month where they can use the peeler.
The model for predicting the income of a farmer who uses the peeler is,
Iincome = (mfarinha P) − Icurrent
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(4.3)

where Iincome is the predicted farmer income, mfarinha is the mass of farinha the farmer is anticipated
to sell, P is the market price of farinha (R$3.00/kg), and Icurrent is current farmer income. The mass
of farinha sold, mfarinha , is a calculated value using data from the 2017 Agricultural Census,
mfarinha = Q Atotal

(4.4)

where Q is the sale productivity of the farmer’s land (kg sold/hectare) and Atotal is the farmer’s total
farm area.
The model for the impact on time in a non-ergonomic position is,
Ierg = terg p − tergi

(4.5)

where terg p is the predicted non-ergonomic time when using the cassava peeler and tergi is the
predicted non-ergonomic time when peeling cassava by hand. The value of tergi is assumed to be
80% of the total hand peeling time. The equation for terg p is,
terg p = tcassava + tcycle

(4.6)

where tcassava is the non-ergonomic time for actions that will happen for each cassava and tcycle is
the non-ergonomic time for actions that will happen for each machine cycle.
The term tcassava is,
tcassava =

mcassava
(tload + tunload + tclean )
mroot

(4.7)

where mcassava is the mass of the farmer’s cassava harvest, mroot is the average mass per cassava
root (3 kg), tload is the non-ergonomic time for loading each root onto the machine (3 seconds),
tunload is the non-ergonomic time for unloading each root onto the machine (1 second), and tclean is
the non-ergonomic time for cleaning after each root (2 seconds). Each of the non-ergonomic times
per cassava root were observed in testing of a prototype cassava peeler machine.
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The non-ergonomic time per cycle, tcycle , is,
tcycle =

mcassava
trotate
mroot npeelers

(4.8)

where npeelers is the number of peelers on the machine (6) and trotate is the non-ergonomic time to
rotate the turntable (5 seconds).
The model for the local consumption of sanitary farinha is,
Nc = mT /CAM

(4.9)

where Nc is the predicted number of locals consuming sanitary farinha processed by the peeler,
mT is the total mass of farinha produced by the farmers using the peeler, and CAM is the average
annual consumption of farinha of people who live in the state of Amazonas. The average annual
per capita consumption of farinha for the state of Amazonas is 10.066 kg/person [143].
The predictive model for the people hours gained from using the peeler, Itime , is,
Itime = ti − t p

(4.10)

where ti is the time for the farmer to peel their crop by hand and t p is the time the farmer would
take to peel their crop using the peeler. To calculate ti the following equation is used,
ti = mcassava /rmanual

(4.11)

where mcassava (n) is the mass of the farmer’s crop and rmanual is the rate of peeling cassava by hand.
The value of rmanual was given by the president of the Itacoatiara Rural Farming Cooperative and
is 18.75 kilograms of cassava per hour.
The time to peel a farmer’s crop using the peeler, t p , is a similar equation. The predictive
model for t p is,
t p = mcassava /rpeeler
where mcassava is the mass of the farmer’s crop.
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(4.12)

The last social impact is for the predicted consumption of sanitary farinha by farmers and
their family members, Nc farmer . The predictive model is,
m

Nc farmer =

∑ Sfamilyn

(4.13)

n=1

where Sfamily is the family size of a farmer who uses the machine. The family sizes of farmers who
are using the peeler, up to m farmers, are combined together to determine how many individuals
are consuming the sanitary farinha.

4.4.3

Run Simulation
For this example, a Monte-Carlo simulation with 30,000 iterations was used. There are

1417 cassava farmers in the synthetic population and, for each iteration, an average of 7.2 farmers
use the cassava peeling machine, see Figures 4.9 and 4.10.

Determine the impacted individuals
In each iteration of the Monte-Carlo simulation, farmers from the synthetic population are
selected to use the machine. In the simulation, additional farmers will continue to be added the
the group of farmers using the machine until there is not enough remaining machine time for any
farmers to peel their crop. In each iteration, the peeler has 11.7 working days of available time
for the farmers to peel their cassava. Each time a farmer uses the peeler, the time for them to peel
their crop is subtracted from the available peeler time. In addition, a step-up time of 2 hours is
subtracted between farmers to allow for maintenance and cleaning.

4.4.4

Cassava Peeler Social Impact Results
The results from this example are split into two parts, the impact to an individual farmer

and the aggregated impact to the population of cassava farmers in Itacoatiara.
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Figure 4.9: Histogram of the number of farmers who use the machine in each iteration of the
Monte-Carlo simulation.

Figure 4.10: All of the farmers ordered from the least number of iterations impacted (39 iterations)
to the most number of iterations impacted (569 iterations).

Individual Farmer Social Impact
The farmer shown in this example (Farmer 233) is a typical farmer from the population.
Farmer 233 is part of the largest group of farmers according to land size within the farmer population, between 2-3 hectares. In the Monte-Carlo simulation, Farmer 233 used the cassava peeling
machine 221 times.
The results for the impact to Farmer 233’s income can be seen in Figure 4.11. There is a
high amount of uncertainty in how much extra money the farmer could make by using the peeler.
This is because of the uncertainty in Farmer 233’s crop size. This is expected as every farmer has
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Table 4.3: Demographic information for Farmer 233 and the averages from the cassava farmer
sub-population.
Farmer Demographic
Information
Age
Gender
Number of
Children
Race
Marital Status
Current Monthly Income
Land Size
Home Construction

Farmer 233

Farmer Average

24
Female

40.3
-

2

1.8

Brown (Mixed)
Married
R$300
2.048 Hectares
Wood

94% Mixed, 6% White
67% Married, 33% Single
R$1387.10
28.5 Hectares
-

Figure 4.11: Impact to Farmer 233’s income.

uncertainty with each crop. The mean prediction is R$1074.46, there is 95% certainty that Farmer
233’s income would either increase by between R$706.53 - R$1493.12.
The results of the impact on time to peel Farmer 233’s crop can be seen in Figure 4.12.
On average the predictive model estimated that Farmer 233 will save 1251.65 people-hours in the
peeling process. For perspective, this time is split between all of the individuals who are helping
the farmer peel their crop. If 10 people are peeling for 8 hours a day, the mean time savings
is equivalent to saving 15.7 days of peeling. Often, farmers harvest 1 hectare per month so this
would indicate that the farmer would have 7.85 less peeling days for two months of their harvest.
There is a 95% confidence that Farmer 233 will save between 823.05 - 1739.36 people-hours by
using the peeling machine.
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Figure 4.12: People-hours gained by Farmer 233 from using the peeler.

Figure 4.13: Number of less people hours spent in a poor ergonomic position during the peeling
process by Farmer 233.

The impact of the peeler on the time Farmer 233 and those peeling cassava with her will
spend in a poor ergonomic position can be seen in Figure 4.13. It is estimated that Farmer 233 and
those helping peel cassava would spend 1000.02 less people-hours in a non-ergonomic position
during the peeling process. Again, over a two month period this equates to 10 people spending 50
less hours in a non-ergonomic position over two months.

Sub-Population Social Impact
The first three impacts shown in Table 4.4 are the impacts that are best understood at the
sub-population level: number of farmers using the peeler, number of people from the under-served
population consuming sanitary farinha, number of locals consuming sanitary farinha.
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All of the impacts shown in Table 4.4 should be understood in the context of how many
farmers might use the peeler in a month. The mean number of farmers who use the peeler in a
month is estimated at 7.1. It is estimated with 95% confidence that between 3 – 11 farmers would
be able to use the peeler in one month.
It is estimated with 95% certainty that between 10 and 51 people in an under-served population will consume sanitary farinha from a month of farmers using the peeler. For this study, all
of the farmers are considered as under-served populations. The farmers and other people who live
outside of the city are often called ribeiros, river dwellers. Outside of the city, there are very few
resources and opportunities and people often live under the poverty level. Da Silva documented
the poor hygienic conditions of farinha houses in Brazil [147]. The cassava peeler will be part of
a sanitary and modern processing facility that will follow all health guidelines. These precautions
will make a healthier farinha that is less likely to make consumers sick.
The third through fifth impacts that were presented for Farmer 233 are also shown as impacts at the farmer population level in Table 4.4. The total income generated by farmers who use
the machine (R$9808) is enough to lift 55 individuals above the Brazilian poverty line, R$178 a
month, for one month.
The extra time gained by not peeling cassava by hand is equally as impactful once viewed
at the sub-population level. It is estimated with 97.5% confidence that the amount of people hours
saved by using the peeler would be at least 42,757 hours. If 7 farmers use the peeler and have 10
people peeling for 8 hours a day, this equates to saving 76 days of work for each person peeling or
roughly 3 months of work. This is interpreted as a positive impact as the people who help peel are
often unpaid workers.
The number of people hours spent in poor ergonomic positions is similarly large. If it is
assumed that 10 people peel for 7 farmers, then it is predicted with 97.5% confidence that each
individual will spend on average 68.6 equivalent workdays less in a poor ergonomic position, as the
peeler can peel the cassava much faster than by hand. This will most impact women and children
who most often participate in cassava peeling. This impact will lead to the improved mental and
physical health of the people who peel cassava [148].
In order to better understand the impacts across the population of cassava farmers, plots
with some of the social impacts and farmer parameters together can be seen in Figure ??. When
90

Figure 4.14: Extra time and land size seem to be correlated.

Figure 4.15: Less time in non-ergonomic position and land size seem to be correlated.

Figure 4.16: Income and land size seem to be less correlated, especially as land size is larger than
20 hectares.
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Table 4.4: Predicted impacts for the cassava farmer population in Itacoatiara.

Farmers Using the Peeler
Under-served Population
Consuming Sanitary Farinha
Locals Consuming Sanitary Farinha
Increased Income
Extra time
(Traditional Time - Peeler Time)
Less Time in Poor Ergonomic
Position While Peeling

Units

Mean

Individuals

7.1

95% Confidence
Interval
3 – 11

Individuals

27.7

10 – 51

Individuals
Brazilian
Real

3663

2964 – 4601

R$9808

R$5501 – R$14,277

Hours

48,094

42,757 – 52,462

Hours

38,425

34,162 – 41,915

farmers have more land there is a greater opportunity to reduce the hours peeling cassava and
reduce the hours in non-ergonomic positions.
Interestingly, income does not not follow this same trend, see Figure 4.16. The income of
farmers who have more land is positively impacted, but the correlation between income impact
and land size is not evident in the results. This may be because farmers who own more land,
currently earn more income. Therefore, the impact of additional income does not increase as land
size increase after ∼20 hectares. Therefore, if the goal is to have the largest impact on farmer
income, then it would be advantageous to only work with farmers who have less than 20 hectares.
This would allow more farmers to use the peeler, as each farmer would have less cassava to peel
than farmers who have over 20 hectares of land, and the impact to farmer income between the
farmers who have over 20 hectares and below 20 hectares are not significantly different.

4.5

Discussion
Creating social impact models can help understand the relationship between a product’s

performance and social impact. In the case of the cassava peeling machine, the method in this paper
and the models that were created helped identify the connection between the peeling operation
and social impacts. In other products, there may be multiple performance parameters, physical
parameters, or engineering parameters that can be linked to the product’s social impact.
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Some of the social impact values are easier to interpret from the perspective of individual
product users. For example, without knowing Farmer 233’s currently income (R$300), it is difficult
to judge how influential an income increase of R$706 is.
Furthermore, using aggregated values can lead to misestimating a product’s impact. The
average income for the cassava farmer population was R$332, but the average income of the farmers who used the peeler in the entire simulation was R$318. While the income difference in this
example is relatively minimal, with other products and populations, there is potential for large
discrepancy between these values.
Another insight gained by predicting social impacts on individuals is an understanding of
how social impacts change between individuals. In the example it was found that for the cassava
farmers, the impact on income does not scale with income, especially after 20 hectares, see Figure
4.16. Two farmers, one with 5 hectares and another with 20 hectares, can have the same impact on
their income. Additionally, farmers with less land produce less cassava and would require less time
to peel their crop. Therefore, a strategy that prioritizes farmers with less land could improve the
peeler’s social impact. In terms of the peeling machine’s design, consideration should be given to
how the peeling machine’s design could help farmers reduce the time to prepare their crops, clean
the machine, and reduce routine maintenance. This is non-productive time that if reduced could
lead to more farmers using the machine.

4.6

Limitations
The method introduced in this paper has certain limitations. The first of these limitations is

caused by the limited availability of high-quality microdata (i.e., surveys, interviews, etc.). For social impact predictions to affect a product’s design and implementation, the data used in the social
impact models needs to be reliable and, if possible, validated through field work. Unfortunately,
this requires resources beyond what is often dedicated to development engineering projects.
A second limitation is in understanding the product’s socio-technical system. This limitation can be partially overcome by using socio-technical system dynamics frameworks, such as
introduced by Subrahmanian et al. [123], or by developing the product with the product users, as
shown in the example. These methods can help in building understanding about local level social
impacts, but large-scale, institutional system level impacts might still be unknown.
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Lastly, this method is limited by the existing complexity of social systems. To create social
impact models using this method, the product designer needs to simplify an individual’s decision
making to a small set of choices, such as adopting or not adopting a product. In practice, individuals
can take many different actions regarding the product including adopting the product, not adopting
the product, boycotting the product, selling the product, among others. The complexity of the
system should not be underestimated.

4.7

Conclusion
Using synthetic populations affords the product designer a unique opportunity to predict

and analyze a product’s impact on the individual and sub-population level. Analyzing the social
impact of a product from two perspectives, for individuals and a population, enables a product
designer to increase their understanding of their product’s impact.
Individual impacts might not be large when viewed from the population level. It is difficult
to imagine how a cassava peeling machine in one city would have a measurable impact on Brazil’s
GDP, but it is predicted that the machine will have a measurable impact on some sub-populations.
Additionally, some demographic data that gives insight into a product’s social impact may
not be visible at the sub-population level. Information about the individual farmers with certain
characteristics such as their gender, what their land or home is like, their marital status, and other
information are often not available in a sub-population’s data set. Without this data, some impacts
could not be predicted.
Conversely, without analyzing a product’s impact at the sub-population the impact may be
less well understood. In the cassava peeler example, determining the number of farmer’s who are
able to use the peeler in a month gives important insight into the total social impact of the peeler.
Understanding the size of a product’s impact and how an impact grows is essential to having a
successful and impactful product that will help many people.
The method in this paper is meant for product’s that have stakeholders who have relatively
similar preferences and values. If additional more diverse stakeholder groups are present, it may
be necessary to create value functions for different stakeholder groups [149]. These value functions would combine social impacts into a single function and allow for comparing the impact the
product has on different stakeholder groups.
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There is potential for further work to continue and improve the method introduced in this
paper. First, additional uncertainties could be included to better mimic user behavior. In this
paper farmers were assumed to use the machine if they met the selection criteria. This assumes
that people do not have other barriers impeding them. Further research could be done to better
understand these barriers and how to implement them into predictive social impact models and
simulations. Additionally, a study where individuals within a synthetic population change their
behavior as a result of a new product could further improve social impact predictive models. We
assumed in this paper that farmers will sell the same amount of goods as they historically have,
which may or may not be true.
Furthermore, a method that compares the simulation results of diverse socio-technical systems could be created. Such a method could compare different product offerings or designs as well
as the predicted impact of a product on dissimilar communities. This could further assist engineers in making decisions about what a product’s parameter values (such as speed of operation or
number of products in a community) should be to achieve a greater potential social impact.
Another future application of this method is for simulations that evaluate a product’s impact
over longer time intervals, even multiple years. Such a simulation could account for changes to
the product over time (such as product performance degradation, product end-of-life, etc.) as well
as effects that the product has on the economic and socio-technical systems. Such a simulation
could account for changes to economic factors or even the effects of external factors such as future
government policies, climate change, or natural disasters. The method in this paper could allow
long-term simulations, but currently, there is not sufficient data to make these long-term models
and too many assumptions would have to be made about how the system (infrastructure, family
dynamics, culture, etc.) and model parameters (price, number of product users, etc.) might change
over time.
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CHAPTER 5.
OPTIMIZING ENGINEERED PRODUCTS FOR THEIR SOCIAL IMPACTS ON MULTIPLE STAKEHOLDERS

5.1

Introduction
Many engineered products, from mechanized farming equipment [5] to improved cook-

stoves [7] and electric vehicles [10], have affected the quality of life of their users and surrounding
communities. Some of the impacts caused by these products have been positive, such as increased
productivity [5], increased access to health services [13], and increased ties to cultural values [150].
Other impacts of engineered products have been negative. Some products have caused harm to
users [151] and others have caused people to leave their jobs [15]. Although users are responsible
for part of the impact of a product by deciding how they use the product, most of the responsibility
for the social impact of a product lies with the designer who decides what the product will do and
how [152].
The social impact of a product is the influence it has on the daily quality of life of individuals and, more generally, society [1, 18]. Eleven categories of social impact specific to engineered
products have been identified, which are the impacts on: health and safety, paid work, human
rights, education, stratification, family, gender, crime and conflict, networks and communication,
population change, and cultural identity/heritage [1].
For certain types of products, designers would benefit from being able to understand, assess, and improve the impact of the product. For example, products in the field of Engineering
for Global Development (EGD) seek to solve technical problems in developing countries that lead
to positive social impacts for individuals, families, and communities [7]. Although EGD products
seek to create positive impacts, the effects of design decisions on the product’s social impacts are
not often understood or tracked during the development process.
Additionally, the problems that EGD-centered products solve are often complex and involve multiple stakeholders. This is also the case for achieving the Sustainable Development
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Goals (SDGs). Researchers have emphasized the great complexity and interconnectedness of the
SDGs [153]. Researchers have also highlighted how a multi-stakeholder perspective can help
achieve the SDGs [154, 155]. The complexity and multidimensionality of EGD products further
complicate how design decisions should be made and how the impact of the product should influence its design.
In previous work by the authors of this paper, it was shown how engineers can correlate the
social impacts of a product with its engineering parameters and performance [12]. If engineering
parameters and performance can help anticipate and predict a product’s measurable social impact,
then there is potential to modify a product to improve its impact. Although this is currently possible
and understandable for a single stakeholder, once the perspectives and impacts of multiple stakeholders are present, it is unclear how engineering parameters and performance should be optimized
to create the greatest net positive social impact [156]. To help guide designers in creating products
with positive impacts, a new system of differentiating between social impacts and stakeholders is
necessary to help guide decision making when a conflict arises during the development process.
A potential source of information to guide this complex decision-making comes from research outside of engineering design. Researchers in business management, business ethics, and
economics propose different approaches to managing the perspectives and objectives of multiple
stakeholders [157–159]. Each of these approaches introduces a different set of philosophies for
handling the preferences of different stakeholders and the role that businesses should play in society. Using the principles of these strategies, it may be possible to improve the social impact
of products even in the case of complex interactions between different stakeholders and social
impacts.
This paper presents a series of optimization problem formulations that optimize an engineered product using the philosophies introduced in the economics and business management
literature. Each approach is introduced and presented with an optimization problem formulation
inspired by the tenets and principles outlined in the existing literature. To illustrate how these approaches influence the design of a product, an example is presented in which a cassava peeler is
optimized for various stakeholder groups in the Amazon according to each approach. Finally, the
results of the example are compared and discussed.
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5.2

Literature Survey
As stated earlier, social impacts are the change in the “day to day quality of life of persons”

[18]. Social scientists have been evaluating the social impact of social programs a posteriori for
many years [76]. More recently, social impacts have been assessed a priori for products, using
new metrics, new methods of identifying impacts, and life cycle assessments [11, 12, 160].
The authors of this article have previously published methods to estimate the social impacts
of products a priori, during the product development process [12]. By understanding a product’s
impact before it is used, the product’s design can be changed to create a more positive impact
on its stakeholders. Although this is moderately simple for a single stakeholder, when multiple
stakeholders are involved, making design decisions that result in increasing social impacts becomes
more difficult and complex. Currently, it is unclear knowledge of how a product’s social impact on
multiple stakeholders should be used to create an optimization problem formulation.
Some of the current approaches within engineering and design seek to simplify stakeholder
perspectives to a single measurable function, such as cost [161], aggregate different stakeholder
objectives using weights [162], or by finding Pareto optimal points in a design space [163]. In many
engineering applications, these approaches can be used because the different objectives are relatively simple and easily comparable. When social impacts are involved, it is difficult to compare
objectives and make decisions, as social impact metrics are not easily comparable [164]. Although
engineers tend to focus on the effect that a product has on health and safety [165], without other
guiding principles, it is difficult to claim that health impacts are more important than other social
impacts.
Another method that is becoming more common is game theory [166]. The goal of game
theory is to model the interactions of decision makers in competitive scenarios [167]. In multistakeholder optimization, game theory is used to create models of how stakeholders interact and
compete for resources [166, 168]. Game theory has been used to create multi-stakeholder models
for land acquisition [166], unmanned areal systems [168], and contractor-subcontractor interactions [169]. Although game theory might work in specific scenarios to optimize the social impact
of a product [170], it is still restricted to product systems with active and competing stakeholders.
Some products can impact stakeholders who do not have the advantage of influencing how the
product is used and what impacts the product has on them [171].
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Figure 5.1: Framework overview for how specific social impact indicators contribute to a multistakeholder objective’s value.

Products designed in the field of engineering for global development (EGD) would benefit
from new optimization problem formulations that are aligned with the goals of improving quality of
life. Currently, product cost is still commonly used as an optimization objective for EGD products
[161,172], but some researchers are beginning to develop and use different objectives, often related
to stakeholder preference or perceived stakeholder value [168, 173]. The stated purpose of EGD
from Engineering for Change is “to improve the quality of life of under-served communities around
the world through the design and delivery of technology-based solutions” [20]. Cost is and will
remain an important constraint for EGD products, but optimization problem formulations for EGD
products would more closely align with their purpose if they included the product’s social impact
on users and stakeholders. While this may be clear, it is not obvious how a product’s social impacts,
especially its social impacts on multiple stakeholders, should be translated into usable optimization
objectives.
Multi-stakeholder theories and philosophies from the fields of business ethics and management might provide the guidance on how social impacts should be handled in multi-stakeholder
scenarios. These theories attempt to clarify how business decisions should be made when multiple individuals or groups could be benefited or harmed by the operations of a business. Some
of these theories include justice theory [157], feminist ethics stakeholder theory [174], business
case of sustainability [175], corporate social responsibility [176], and stakeholder management
(stakeholder theory) [158, 177]. These theories take positions on whether individual stakeholder
interests matter [157, 175], which stakeholder are more important [174], and the role of business
in the promotion of sustainability [159, 175].
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5.3

Social Impact Model Framework
The focus of this paper is on introducing and comparing multistakeholder social impact

objectives. Before this can be introduced, the framework used in this paper must be established
to show how social impact indicators are translated into multi-stakeholder objective functions, see
Figure 5.1.
To calculate the total social impact of a product on multiple stakeholders, it is first necessary
to identify and calculate the value of social impact indicators (I). Social impact indicators are the
specific measurable impacts that are used to interpret the impact of a product. Sandhu-Rojonn
described social impact indicators as “what we observe in order to verify whether – or to what
extent – it is true that progress is being made towards our goals, which define what we want to
achieve” [73]. There are many approaches to creating models for social impact indicators, but a
common initial model framework is
I f = f (P, S) = I0 ∆0 + ∆P

(5.1)

where I f is the final (predicted) value of the social impact indicator, I0 is the initial (current) value
of the social impact indicator, ∆0 is the expected change in the indicator without the product, and
∆P is the predicted change in the indicator due to the product. Furthermore, as shown in Equation
5.1 and Figure 5.1, I f should be a function of product parameters (P) and stakeholder parameters
(S). This means that ∆P might include a specific product performance parameter that leads to a
change in I f . Further clarification on how to create social impact indicator equations can be seen
in the previous work by the authors [6, 12].
As seen in Figure 5.1, the next step is normalizing the social impact indicators. Normalization is an important step to allow social impact indicators to be compared between stakeholders and
types or categories of social impact. A common approach used to normalize social impact values is
to divide by a maximum possible value [11]. This approach has been used for indices such as the
Human Development Index and the Multi-Dimensional Poverty Index for many years [54, 118].
This approach works well in many instances, but is not possible for indicators that do not have a
relative maximum, such as income. In this paper, another approach is used, normalizing indicators
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by calculating the indicator’s change relative to its current state. The equation for this is
Iˆi jk =

Ii jk f − Ii jk0
Ii jk0

(5.2)

where Iˆi jk is the kth normalized social impact indicator for the social impact category j and the
stakeholder i, Ii jk f is the final (predicted) value of the social impact indicator, and Ii jk0 is the initial
(current) value of the social impact indicator. Although the same indicators can be used for all
stakeholders within a certain group of stakeholders (i.e., each student in a school, farmer in a
community, worker in a company), it is likely that individual stakeholders have different values for
Iˆi jk .
One benefit of normalizing indicators using Equation 5.2 is that Iˆi jk is not only unitless, but
helps provide context to the product social impact values, especially at the stakeholder level. For
example, a stakeholder-level social impact value of 0.2 using relative change normalization means
that, according to the social impact indicators used, the stakeholder increased their quality of life
by 20%. However, a stakeholder-level social impact value of 0.2 normalized against a theoretical
maximum value means that, according to the social impact indicators used, the individual’s quality
of life has improved by 20% in reference to a population maximum or theoretical maximum. For
this to be understandable, additional information about the population is necessary to add context
and understand a product’s social impacts.
After normalization, the social impact categories (Ci j ) can be calculated. Social impact
categories are used to help the product designer recognize the types of social impacts a product
has on individuals and society [1]. The equation used in this paper to calculate the social impact
categories is
nI

∑ wk Iˆi jk
Ci j =

k=1

nI

(5.3)

where wk is the weight of the kth indicator and nI is the number of social impact indicators included
in Ci j . Since some categories may have more indicators than others, each social impact category
is normalized by dividing by the total number of indicators included in the category. Furthermore,
weights can be used, at the discretion of the designer, to modify the influence of certain social
impact indicators. Furthermore, the geometric mean used in Equation 5.3 to normalize the so101

cial impact categories originates from the Human Development Index and the Multi-Dimensional
Poverty Index [54, 118]. These indices also combine indicators into categories using a geometric
mean before calculating a stakeholder-level measure (at the country or individual level) [54, 118].
Once impacts are calculated at the category level, social impacts can be found at the stakeholder level (µ). The stakeholder-level model calculates the product’s impact on each stakeholder
by combining the social impact categories specific to the stakeholder. The equation used in this
paper for calculating stakeholder-level social impacts is
nC

µi =

∑ w jCi j

(5.4)

j=1

where w j is the weight of the jth social impact category and nC is the total number of social impact
categories identified for stakeholder i. Weights are included so that designers can make specific
social impact categories more or less influential in the calculation of µi .
The stakeholder level impacts (µi ) in Equation 5.4, can refer to a product’s social impacts
on individual people or groups of people. If data at the individual level is not available, then µi
could be the average social impact across a group or sub-population. It is best to consider social
impacts on individuals because then individual negative impacts can be more easily identified, but
this might not always be possible according to data restrictions.
The last step of the framework shown in Figure 5.1 is to create multi-stakeholder objectives
(J). Generally, these objectives are functions of the stakeholder-level social impacts, but can take
several forms. Many potential strategies can be pursued to decide which stakeholders are included
and how the social impacts are combined. Some of the different possible formulations of J are not
discussed here, but are introduced in Section 5.3.1.

5.3.1

Multi-Stakeholder Optimization Strategies
This paper presents six different approaches for managing the social impacts of multiple

stakeholders. Each theory is presented with an example optimization problem. The constraints
presented in each optimization problem are specific to the theory, and additional constraints unique
to the product should be included in the problem definition to complete the optimization problem
formulation.
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The independent variables (x) are specific to the product and stakeholders. In this variable
set, there are engineering parameters, such as parameters of specific parts or subsystems in a product, and social parameters, such as how a product is used and how the product is implemented in
the socio-technical system.
Business Case of Sustainability

Traditional Product Development
Traditional product development, as described in engineering design textbooks [178–180],
is often a customer- or user-centered approach. This usually requires an interaction between the
product designer and potential product users to collect statements about how they would use the
product, what performance is important to them, and what they like about existing products [179].
The product is then designed to appeal to a set of user-defined product requirements.
For traditional product development, the product users and customers are the stakeholders
of interest. The optimization objective for traditional product design used in this paper is
nu

∑ wl µul (x)
min − J(x) =

l=1

nU

x

s.t. µi (x) ≥ µAM ∀i ∈ {1, 2...nµ }

(5.5)

CP ≤ CMax
gl (x) ≤ 0 ∀l ∈ {1, 2...ng }
hm (x) = 0 ∀m ∈ {1, 2...nh }
Business Case of Sustainability
Business Case of Sustainability

Business Case of Sustainability
Traditional business practice often believes that business success and sustainability, social
agendas or pursuits, are often contrary to each other [175]. In 1970 Milton Friedman wrote that
“there is one and only one social responsibility of business—to use its resources and engage in
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activities designed to increase its profits so long as it stays within the rules of the game, which is
to say, engages in open and free competition without deception fraud” [181].
Often called shareholder capitalism, Friedman’s approach to business is to focus on profitable pursuits for shareholders and leave social objectives to public services [175]. Although
sustainability and social outcomes should not be pursued, they can result from ethical business
practices. Businesses still need to follow laws and regulations related to social objectives such as
working conditions and other similar statues, but should not pursue spending the company’s money
on social objectives.
The optimization problem formulation for the Business Case of Sustainability is
min − J(x) = PT
x

s.t. Ik (x) ≥ IkLegal Min. ∀ k ∈ {1, 2...nI }

(5.6)

gl (x) ≤ 0 ∀l ∈ {1, 2...ng }
hm (x) = 0 ∀m ∈ {1, 2...nh }
where PT is the total profits of the business that sells or operates the product, Ik is the kth social
impact indicator, IkLegal Min. is the legal minimum for the kth indicator (if there is a legal minimum
for Ik ), and nI is the total number of social impact indicators.
Business Case of Sustainability
Although the Business Case of Sustainability approach is the dominant strategy in industry,
it does not attempt to directly affect a product’s social impacts on multiple stakeholders. While
it might seem that this strategy does not belong in this paper, by focusing a product’s impact
on positively impacting shareholders, it has effectively decided that shareholders are the most
important stakeholder, and so is a viable multi-stakeholder strategy. Another purpose of including
the Business Case of Sustainability approach in this paper is to compare results with other strategies
that more directly affect the product’s social impact on additional stakeholders.

Justice Theory
The first non-traditional theory presented in this paper is Justice Theory [157]. John Rawls
in his book A Theory of Justice established a theory that advocates for equal distribution of benefits
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within a population [157]. Rawls argues that organizations are not justified when the “hardships
of some are offset by a greater good in the aggregate” as there are no rational individuals who
would knowingly agree to this principle knowing that their own conditions would decrease as a
result [157]. Conversely, “there is no injustice in the greater benefits earned by a few provided that
the situation of persons not so fortunate is thereby improved”. In terms of the responsibility of those
who can make decisions that influence the population, Rawls argues that “the natural distribution is
neither just nor unjust; nor is it unjust that persons are born into society at some particular position.
These are simply natural facts. What is just and unjust is the way that institutions deal with these
facts” [157].
The optimization problem formulation for Justice Theory used in this paper is
nµ

∑ wi µi(x)

min − J(x) =

i=1

x

wi =

nµ

ni
nT

(5.7)

µi (x) ≥ 0 ∀i ∈ {1, 2...nµ }
s.t. gl (x) ≤ 0 ∀l ∈ {1, 2...ng }
hm (x) = 0 ∀m ∈ {1, 2...nh }
where wi is the relative size of the ith stakeholder group, µi is the social impact of the product on
the ith stakeholder or stakeholder group, nµ is the number of stakeholders or stakeholder groups,
ni is the number of people included in the ith stakeholder group (if each stakeholder is individually
included, this is 1), and nT is the total number of individual stakeholders.
Following the principles of Justice Theory, the combined social impact of the population
is maximized. A constraint is used that requires that the social impact on each individual in the
population be greater than or equal to zero. This ensures that no individuals are harmed, while
others are positively affected.
Justice Theory establishes a goal for ubiquitous benefit within a population, but in some
applications, this may not be achievable. There may be some negative social impacts that are
unavoidable. For example, automation and self-driving cars will cause many people to lose their
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jobs [182]. Arguments are often made about how job transitions will help reduce the negative
impact of this new technology, but it is unlikely that no person will be negatively affected by
changes such as these [182]. In these cases, new innovations or opportunities would be required to
maintain equity of benefit from a new technology.

Feminist Ethics Stakeholder Theory
Feminist Ethics Stakeholder Theory [174] was introduced by Burton and Dunn and can be
summarized as “[caring] enough for the least advantaged stakeholders that they not be harmed;
insofar as they are not harmed, privilege those stakeholders with whom you have a close relationship.” This is different from only benefiting those with whom the designer has a relationship, as
this can result in harming individuals who have less capacity and poorer conditions [174]. Burton
and Dunn highlight this principle with the example of battery recycling, where batteries were sent
to countries with less regulation on material handling. This practice harmed people in poorer economic conditions from toxic battery chemicals because batteries were sent to countries that did not
have workers’ safety laws [174].
This theory attempts to answer the question of what should be done when choosing between
two or more similar stakeholders. In many cases, not all stakeholders can be affected similarly and
simultaneously. This is true when choosing between manufacturers and distributors. By focusing a product’s social impact on stakeholders with whom the designer already has a relationship,
the designer can maintain and grow that relationship, which may lead to the product’s continued
success.
The optimization problem formulation for Feminist Ethics used in this paper is
nCR

∑ wm µCRm (x)

min − J(x) =

m=1

nCR

x

(5.8)
s.t. µLA (x) ≥ 0 ∀i ∈ {1, 2...nLA }
gl (x) ≤ 0 ∀l ∈ {1, 2...ng }
hm (x) = 0 ∀m ∈ {1, 2...nh }
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where wm is a weight corresponding to the influence of the mth stakeholder with a close relationship with the designer or company/organization, µCRm is the mth stakeholder with whom the
product designer has a close relationship, µLAm is the social impact of the product on the ith least
advantaged stakeholder, and nCR is the number of stakeholders with which the designer or company/organization has a close relationship.
The optimization problem for the Feminist Ethics Stakeholder Theory optimizes the impact
for stakeholders with whom there is a close relationship (ICR (x)). An inequality constraint ensures
at least a neutral impact for the least-advantaged stakeholders (ILA (x)). The product designer or
company can decide which of the stakeholders is least advantaged. They may be selected according
to their economic, social, environmental, or other conditions. There might also be more than one
least advantaged stakeholder or stakeholder group.
In many cases, it can be difficult to guarantee that new technologies will not have adverse
effects on the least advantaged groups of a population. Therefore, design and implementation
changes are likely to be required to ensure that the least advantaged are at least neutrally impacted
by new products.

Corporate Social Responsibility
Corporate Social Responsibility [176] recognizes that business can play a voluntary role
in contributing to the improvement of current social and environmental conditions in society. The
company’s benefits from these voluntary pursuits can often be measured qualitatively, by the improved image of a company and quantitatively, by lower goods costs and higher revenue [176].
Often, the benefits of the company and the financial stakeholders are measured separately from the
benefits of sustainability efforts [159].
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The optimization problem formulation for Corporate Social Responsibility used in this
paper is
nµ

∑ wi µi(x)

min − J(x) =

i=1

nµ

x

wi =

+ wProfit µProfit (x)

1
µmaxi

wProfit =

1

(5.9)

PMax.

s.t. µi (x) ≥ µAM ∀i ∈ {1, 2...nµ }
gl (x) ≤ 0 ∀l ∈ {1, 2...ng }
hm (x) = 0 ∀m ∈ {1, 2...nh }
where wi is the weight applied to the ith stakeholder to normalize stakeholder social impacts by the
maximum impact of each stakeholder, kProfit is the weight applied to the company/organization’s
profits to normalize by the maximum potential profits, µMaxi is the maximum impact for the ith
stakeholder, and PMax. is the company/organization’s maximum potential profit.
The optimization problem for this theory optimizes a product according to the social impacts and the profit of the company. Weights are used in Corporate Social Responsibility to make
the maximum values of the stakeholder social impact portion of the objective have an equal amount
of influence as company/organization profits. Not all organizations want equal importance for social impacts and profits, so it is also acceptable to include weights that make either the social
impacts or profits more influential. For example, instead of equal importance, it might be seen
that social impacts should have a relative weight of 0.4 compared to the relative weight of 0.6 for
profits.

Stakeholder Management
Stakeholder management, also known as stakeholder theory [177], aims to positively impact all stakeholders. Freeman stated that stakeholder theory “is not about being overly stingy or
generous with stakeholders; it is about achieving balance, fairness, and harmony within the whole
system of stakeholders” [158]. One method to achieve this is to identify synergies between differ108

ent stakeholder objectives and maximize these synergistic impacts. When the values of different
stakeholders are reoriented to be more in line with each other, it is easier to make mutually beneficial decisions for all stakeholders. The optimization problem formulation for synergistic impact
optimization with Stakeholder Management is
nSyn

∑ wi µSyni (x)

min − J(x) =

i=1

nSyn

x

wi =

1
µmaxi

(5.10)

s.t. µi (x) ≥ µAM ∀i ∈ {1, 2...nµ }
gl (x) ≤ 0 ∀l ∈ {1, 2...ng }
hm (x) = 0 ∀m ∈ {1, 2...nh }
where wi is the weight of the ith synergistic impact, µSyni is the social impact of a stakeholder that
is synergistic with other stakeholders, and nSyn is the total number of synergistic impacts. For this
objective, it may be necessary to modify the product or the system around the product to create
more synergistic impacts. In addition, the product designer must decide how to determine the
synergistic impacts to use in this objective. Preference should be given to synergies that improve
the social impacts of a larger number of individuals or improve the social impact for stakeholders
that have negative impacts or are less advantaged. For the purpose of this paper, this approach is
called the Synergistic Stakeholder Management strategy.
Another potential optimization approach for Stakeholder Management is to minimize the
difference between the most positively impacted and least positively impacted stakeholders. This
would help achieve the balance and fairness described by Freeman [158]. The optimization problem formulation for this approach is
min − J(x) = µMax − µMin
x

s.t. µi (x) ≥ µAM ∀i ∈ {1, 2...nµ }
gl (x) ≤ 0 ∀l ∈ {1, 2...ng }
hm (x) = 0 ∀m ∈ {1, 2...nh }

109

(5.11)

where µMax. is the social impact of the stakeholder with the highest value and µMin. is the social
impact of the stakeholder with the lowest value.
In some cases, the approach shown in Equation 5.11 might lead to a net decrease in the
social impact of a product, as some negative impacts are more difficult to change than positive
impacts. An approach to improving the net impact using Equation 5.11 is to use normalized values
for µMax. and µMin. . This is especially useful if the largest impact for one stakeholder group is
much larger than the maximum impact for the least impacted stakeholder group. For the purpose
of this paper, this approach is called the Minimum Difference Stakeholder Management strategy.
Another optimization problem formulation is presented that attempts to simultaneously
minimize the difference in impact between stakeholders and maximize the total synergistic impact.
It is
nSyn

∑ wi µSyni (x)

min − w1 i=1
x

wi =

nSyn

+ w2 (µMax (x) − µMin (x))

1
µMaxi

(5.12)

s.t. µi (x) ≥ µAM ∀i ∈ {1, 2...nµ }
gl (x) ≤ 0 ∀l ∈ {1, 2...ng }
hm (x) = 0 ∀m ∈ {1, 2...nh }
where w1 is the weight for the synergistic impact objective and w2 is the weight for the minimum
difference objective. By manipulating w1 and w2 there is potential to achieve a balance between
improving synergistic impacts (and net impact) and minimizing the difference between stakeholders with the highest and lowest social impacts. For the remainder of this paper, this approach is
called the Combined Stakeholder Management strategy.

5.4

Example
To illustrate how the multi-stakeholder strategies introduced in this paper can be used,

an illustrative example is presented here. This example shows how each stakeholder theory is
implemented for an example product designed by the authors. To help compare and contrast the
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Figure 5.2: Semi-automated cassava peeler in development with farmers and development workers
in the Brazilian Amazon.

different multi-stakeholder strategies, optimization problems are created and run for every strategy
described in Section 5.3.1. The results for each strategy are discussed in Section 5.5.
The product chosen for this example is an experimental semi-automated cassava peeling
machine, see Figure 5.2. The authors of this paper have been developing the peeling machine with
the Itacoatiara Farming Cooperative (IRFC) for the past four years. The concept for the peeling
machine has been chosen and initial tests and prototypes have shown that the concept is viable.
This example will attempt to find the optimal configuration of the cassava peeling machine for the
selected cassava peeler concept.
The peeler will be used by a group of Brazilian farmers and IRFC development workers
as part of a semi-automated cassava processing facility located outside of the city of Itacoatiara,
Brazil. The peeler will be used primarily to process cassava from the land adjacent to the processing facility that is operated by members of the IRFC.
In addition, the long-term goal of the processing facility is to allow other farmers in the
region to use the peeler to process their own crops to help improve farmers’ capacity and develop
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Figure 5.3: Field data for the length and widest diameter from a sample of 150 cassava root samples
from a smallholder farm outside of Itacoatiara.

the region. This has the potential to have a large impact on farmers who use the peeler and the
surrounding community. While it may be obvious that implementing new technology within a
development context will positively impact the users, without running a multi-stakeholder optimization, it is not obvious what the design of the peeler and implementation strategy should be to
positively impact multiple stakeholders. Furthermore, it is not obvious which stakeholders should
be benefited, what impacts could be expected, and how design changes to the peeler could affect
its social impacts. For these reasons, this product is an appropriate case study for this paper.
The cassava data used in this paper came from field measurements of a farmer’s cassava
outside of Itacoatiara. With the help of the farmer, 150 cassava roots were harvested and length
and diameter measurements were taken, see Figure 5.3. Additional farmer data used in the models
in this paper (income, land size, cassava production) came from the 2010 Brazilian Census [146]
and the 2017 Agricultural Census [143].

5.4.1

Stakeholders, Impacts, and System Definition
Before the multi-stakeholder strategies can be utilized in this example, it is first necessary

to identify the product’s stakeholders, the social impacts to each stakeholder, and create a system
model for how the product fits in the existing cassava processing system.
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Table 5.1: Social impact indicators for each stakeholder group organized by social impact
category. The negative values in the table refer to negative social impacts and the
positive values refer to positive social impacts. Blank cells mean that the
indicator is not associated with that social impact category.
Stakeholder
Groups
Farmers
using the
peeler
Farmer
community
Consumers
Workers
IRFC

DERG

Indicators

Paid Work

Health &
Safety

Income
Extra time from peeling
Total
Farmer inequality
Total
Consumption of clean farinha
Total
Income
Time in non-ergonomic position
Total
Economic return
Total
Income
Project experience
New skills
Extra work hours
Brazil trip experience
New contacts
New lab members
Total

1
1
2
-1
1

0

0
1
1
1
1
1

Social Impact Categories
Cultural Identity
Network
Family
& Heritage
& Comm.
1
1

Strat.

Gender

0

0

0
0

0

0
1
1

0
-1
1

0

0

0

1
1

0

0

0

0

0

0

0

0

0

0

0

0
1
1

0

0

1
1
1

2

0

-1
-1

1

2

1
2

1
1
1
3

0

2

Identify Stakeholders
The stakeholder groups for this example were narrowed to those who will be directly impacted by the peeler operation or development. Using this classification, six stakeholder groups
were identified: 1. farmers using the peeler, 2. cassava farmer community, 3. local processed
cassava consumers, 4. peeler facility workers, 5. participating IRFC members, and 6. the cassava
peeler development team (known as the Design Exploration Research Group or DERG).
Other stakeholder groups that could be affected by the systematic changes that the peeler
could create (local government officials, distributors, other types of farmers, etc.) are not included
in this study. Although these stakeholders are important to consider, the scope of this example is
limited to the six stakeholder groups mentioned above.

Identify Social Impacts
Social impacts were identified for each stakeholder group, see Table 5.1. For this example,
the process of selecting indicators began by first identifying an initial set of social impact categories for each stakeholder group based on their interaction and use of the product. Then a set of
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indicators was created for these categories. Among these initial social impact indicators are income for farmers using the peeler and the IRFC and the other impacts on farmers using the peeler,
see Table 5.1 (also used in [6]).
Impacts were also identified through surveys and observations while working on the project.
The impacts on the DERG were collected using an online survey. The impacts on the IRFC were
identified through conversations on previous research trips. The remaining indicators (impacts
on cassava peelers, cassava farmer community, and consumers) were created using the author’s
experience from research trips to Brazil and interactions with farmers.

Create system model
A system model was created to model how the IRFC and other cassava farmers use the
peeler. The system model predicts which farmers will use the peeler each month. To do this, it was
necessary first to determine which farmers are ready to harvest every month. The period between
cassava planting and harvesting is between 6 and 12 months, depending on the variety of cassava.
For this example, it was assumed that each farmer would only be able to use the peeler once per year
and would only use the peeler if the peeler had enough capacity to process their crop within one
month. Typically, once the cassava is mature and ready to be harvested, farmers have one month
to harvest and process their cassava before the cassava begins to lose quality and rot. Furthermore,
the IBGE cassava harvest data show that there is no significant change in cassava harvest totals for
each month of the year [183]. In this example, the harvesting month was randomly selected for
each farmer in the synthetic population.
The process of identifying which farmers use the peeler follows the logic seen in Figure 5.4.
Each month, farmers who harvest are polled to see if the peeler has enough capacity to process their
cassava. Farmers continue to use the peeler until there is not enough capacity for them to process
their cassava. Farmers continue to use the peeler until there is not enough capacity for any of them
to peel their crops. This continues for 12 months, at which point the model ends and the social
impacts are calculated.
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Figure 5.4: The process for selecting which farmers from the synthetic population use the peeler.

5.4.2

Multi-Stakeholder Strategies
In this example, each multi-stakeholder strategy will be explored to demonstrate how

product-specific optimization problems can be created and how the different strategies affect the
design and implementation of the cassava peeler.
The design variables for the cassava peeler used in the optimization problems can be seen
in Table 5.2. Some variables are related to the cassava peeler’s engineering parameters, and other
variables are related to the cassava peeler’s system parameters.
Each optimization problem has a unique set of constraints, although two constraints are
shared between all the problems. First, the IRFC requires sufficient capacity to process their cassava in one month. Second, there must be less than four operators per peeler. In the authors’
experience in preliminary testing, more than three operators make using the peeler more difficult.

Individual Stakeholder
For some strategies, it was necessary to find the optimal peeler configurations for each
stakeholder individually. The optimization problem formulation used to find the optimal peeler
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Table 5.2: The design variables used in the example are shown here. The product concept will
remain constant through each optimization problem.
Variable

Units

Peelers per machine
Operators per machine
Number of machines
Number of peeling days
per week
Peeling hours per day
Farmer selection scenario
Maximum Cassava Diameter
Minimum Cassava Length
Maximum Cassava Length

Number
Number
Number

Product or
System
Related?
Product
Product
Product

Number

System

Hours
Inches
Inches
Inches
Inches/
Second
Inches/
Second

System
System
Product
Product
Product

1-8
1-8
2-5
2-17

Product

0.25-1.5

Product

0.25-1.5

Peeling Speed
Resetting Speed

Bounds
1-6
1-12
1-3

configuration for each stakeholder group individually is
min J(x) = − µS
x

s.t. tGroup ≤ 4 nDays tPeeling Hours

(5.13)

nWorkers/Peeler ≤ 3
where µS is the social impact for stakeholder group S, tGroup is the number of hours that the IRFC
requires to process their cassava, nDays is the number of days per week that the peeler is operational,
tPeeling Hours is the number of hours per day that the peeler is operational, and nWorkers/Peeler is the
number of workers per peeler. The constraints for having enough capacity for the IRFC to process
their crops and the number of workers per peeler are included, but no additional constraints are
included. The optimal peeler configurations for each stakeholder group can be seen in Table 5.3,
and the social impact results for these configurations can be seen in Table 5.4.

116

Traditional Product Design
The optimization problem formulation created for the Traditional Product Design approach
is the following
µFUP + µFW
2

min J(x) = −
x

s.t. µi (x) ≥ 0

(5.14)

tGroup ≤ 4 nDays tPeeling Hours
nWorkers/Peeler ≤ 3
where µFUP is the social impact of the peeler on farmers using the peeler and µFW is the social
impact of the cassava peeler on the peeler facility workers. The farmers using the peeler and
the facility workers were included in the Traditional Product Design approach because they could
both be classified as “peeling machine users” as they will interact with and operate the machine.
Additionally, these two groups would be very accessible for designers to speak with and gather
feedback during field testing.
Without additional guidance, designers must decide which stakeholder group is more important and should receive higher weights in Equation 5.14. Some might believe that farmers using
peelers should receive higher weights. For example, farmers pay to use the machine and also have
more potential to gain more from its use. In contrast, there are arguments for why workers should
receive a higher weight. The workers are the people who interact the most with the machine and
will feel the most physical stress when using the peeler. In this example, it is assumed that these
arguments create the need to equally weight the impacts to the farmers using the peeler and the
workers operating the peeler.
The optimal cassava peeler configurations for all of the multi-stakeholder strategies can
be seen in Table 5.5. The social impact results of each of the strategies can be seen in Table
5.6. Furthermore, data for the land size and current income for farmers using the peeler in each
approach are shown in Tables 5.7 and 5.8.
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Business Case of Sustainability
The optimization problem formulation for the Business Case of Sustainability approach is
min J(x) = − PIRFC
x

s.t. µPW (x) ≥ 0

(5.15)

tGroup ≤ 4 nDays tPeeling Hours
nWorkers/Peeler ≤ 3
where PIRFC is the total profit obtained by the IRFC from the processing of cassava.
Since the IRFC facilitated the development of the peeler and the construction of the farinha
processing facility, the design and operation of the peeler was designed to maximize their profits.

Justice Theory
The objective optimization formulation for Justice Theory used is
wFUP µFUP + wFC µFC + wIRFC µIRFC
+
6
min J(x) =
wPW µPW + wDERG µDERG + wC µC
x
)
6
nFC
nFUP
, wFC =
,
s.t.wFUP =
nT
nT
nIRFC
nFW
wIRFC =
, wFW =
,
nT
nT
nDERG
nC
wDERG =
, wC =
nT
nT
−(

(5.16)

µAll (x) ≥ 0
tGroup ≤ 4 nDays tPeeling Hours
nWorkers/Peeler ≤ 3
where wFUP is the weight applied to farmers using the peeler, µFUP is the social impact of the
peeler on farmers using the peeler, wFC is the weight applied to the cassava farmer community, µFC
is the social impact of the peeler on the cassava farmer community, wIRFC is the weight applied
to the IRFC, µIRFC is the social impact on members of the IRFC, wFW is the weight applied to
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facility workers, µPW is the social impact of the peeler workers, wDERG is the weight applied to the
development team, µDERG is the social impact of the peeler on the development team, wC is the
weight applied to consumers, µC is the social impact of the peeler on consumers, and µAll is the .
To calculate the weights applied in Equation 5.16, the number of people in each group is divided
by the total number of people in all the stakeholder groups.
It is important in Justice Theory that each stakeholder group is weighted according to the
number of individuals belong to group. One of the tenants of Justice Theory is that no one is more
important than another [157]. The size of the farmers using the peeler, facility workers, farinha
consumers stakeholder groups change depending on the configuration of the cassava peeler. In
this example, the size of the Brazilian group is 10, the size of the DERG is 15, and the size of the
community of cassava farmers is 1417. Generally, the largest stakeholder groups are the cassava
farmer community and farinha consumers.

Feminist Ethics Stakeholder Theory
The optimization problem formulation for Feminist Ethics Stakeholder Theory is
min J(x) = −
x

µFUP + µBG + µDERG
3

s.t. µFNUP (x) ≥ 0

(5.17)

tGroup ≤ 4 nDays tPeeling Hours
nWorkers/Peeler ≤ 3
where the product is optimized for farmers using the peeler, the members of the IRFC, and the
DERG. These stakeholders are the most important stakeholder groups according to Feminist Ethics
Stakeholder Theory because all of these stakeholders currently have relationships with the IRFC
and DERG or will begin new relationships with them through use of the peeler.

119

Corporate Social Responsibility
The optimization problem formulation for Corporate Social Responsibility is,
−(

µFUP

+

µFC

µIRFC

+
µIRFC max
min −J(x) =
µFW
µDERG
µC
PIRFC
x
+
+
)/6 +
µFW max µDERG max µC max
PMax
µFUP max

µFC max

+

(5.18)

s.t. µAll (x) ≥ 0
tGroup ≤ 4 nDays tPeeling Hours
nWorkers/Peeler ≤ 3

where µFUP max. is the maximum social impact for farmers using the peeler, µFC max. is the maximum social impact for the farmer community, µIRFC max. is the maximum social impact for the
IRFC, µFW max. is the maximum social impact for the facility workers, µDERG max. is the maximum
social impact for the DERG, µC max. is the maximum social impact for consumers, and PMax. is the
maximum potential profit for the IRFC from using and operating the peeler.
A core principle of Corporate Social Responsibility is that business can play a role in
helping solve social issues. In this optimization problem, the social impacts of the peeler have the
same weight as the profit from operating the peeler. The social impact on each stakeholder and the
profit are all normalized by diving by their maximum potential value. The optimal profit value was
found using the Business Case of Sustainability approach, and optimal peeler configurations were
found for each stakeholder individually to find optimal social impact values for each stakeholder,
see Tables 5.3 and 5.4.
Table 5.3: The optimal cassava peeler configurations for each individual stakeholder group.
Peelers Per Machine
Operators Per Machine
Number of Machines
Peeling Days Per Week
Peeling Hours Per Day
Farmer Preference
Maximum Diameter (in)
Minimum Diameter (in)
Maximum Length (in)
Peeling Speed (in/sec)
Resetting Speed (in/sec)
Optimal Value

Farmers Using Peeler
3
11
6
5
8
3
7.97
2.46
16.25
1.50
1.36
-14.126

Farmer Community
5
2
4
5
7
4
7.62
4.83
16.68
1.33
0.50
-0.018
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Consumers
3
11
6
5
8
2
7.92
2.24
16.75
1.47
0.99
-0.290

Facility Workers
4
12
6
5
8
3
7.95
2.61
16.33
1.41
1.15
-45.697

IRFC
1
3
1
5
8
5
7.97
2.42
13.00
1.50
1.30
-12.830

DERG
6
7
4
4
6
2
2.96
2.95
12.27
0.98
1.04
-3.389

Table 5.4: Resulting impacts to each stakeholder group when optimizing for each stakeholder
group individually. Optimal peeler configurations for each stakeholder shown in
each column.
Farmers
Using
Peeler
Farmers
Community
Consumers
Facility
Workers
IRFC
DERG
Total Impact
Machine
Cost
Economic
Return
Total
Farmer
Users

Farmers Using Peeler

Farmer Community

Consumers

Facility Workers

IRFC

DERG

14.126

7.235

9.268

14.087

6.455

3.220

-0.016

0.018

-0.024

-0.018

1.771

0.004

0.233

0.072

0.290

0.2262

0.059

0.0020

44.300

4.165

27.725

45.697

7.539

1.406

0.520
2.083
61.246

-0.274
3.139
14.355

0.274
2.083
39.617

0.165
2.889
63.046

12.830
1.472
30.126

-0.710
3.389
7.311

R$ 72,175

R$ 80,305

R$ 72,292

R$ 96,257

R$ 3,967

R$ 94,988

R$ 17,803

-R$ 27,746

-R$ 1,143

-R$ 5,875

R$ 50,664

-R$ 67,593

66

37

41

66

36

6

Stakeholder Management
The synergistic stakeholder groups were chosen based on their perspective on the peeling machine and the optimal peeler configurations shown in Table 5.3. The objective of most of
the stakeholder groups is to peel and process the most cassava. If more cassava is peeled, more
farmers can use the peeler, the IRFC earn more from farmers using the peeler, there will be more
consumers, and more facility workers are employed and earn more pay. The one stakeholder group
that is somewhat insensitive to how much cassava is processed is the development team, DERG.
Their social impact is centered on the development and deployment of the peeler. Using this logic,
DERG is eliminated as a synergistic stakeholder.
Then the optimal peeler configuration results for each stakeholder group (Table 5.3) were
used to further narrow the synergistic stakeholder group. The criteria used to determine which
stakeholders are synergistic in Table 5.3 are peelers per machine, the number of machines, and the
maximum length. Four of the stakeholder groups, namely farmers using peelers, farmer community, consumers, facility workers, had very similar values for these variables, while the IRFC did
not. The optimal peeler configuration for the peeler utilizes much fewer peelers per machine and
number of machines as well as selecting the smallest maximum length. Therefore, the stakeholder
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groups identified as synergistic are farmers who use the peeler, farmers who do not use the peeler,
consumers, and peeler workers.
The optimization problem formulation created for Synergistic Stakeholder Management is
min J(x) = − (
x

µFUP
µFUP max

µFW
µFW max

+

+

µFC
µFC max

µC
µC max

+

)/4
(5.19)

s.t. µAll (x) ≥ 0
tGroup ≤ 4 nDays tPeeling Hours
nWorkers/Peeler ≤ 3

The social impact of each stakeholder is normalized by dividing by the maximum potential value
to ensure that the social impact of the peeler on each stakeholder group is equally weighted.
The optimization problem formulation for Minimum Difference Stakeholder Management
is
min J(x) =µ Max − µ Min
x

µ =[

µFUP

,

µFC

,

µIRFC

µFUP max. µFC max. µIRFC max.
µFW
µDERG
µC
,
,
]
µFW max. µDERG max. µC max.

,
(5.20)

s.t. µAll (x) ≥ 0
tGroup ≤ 4 nDays tPeeling Hours
nWorkers/Peeler ≤ 3
where µ Max is the maximum value from µ, µ Min is the minimum value from µ, and µ is a vector
of normalized social impact for each stakeholder group. The stakeholder-level social impacts have
been normalized because there is a large difference between the largest maximum impact value
(45.697) and the smallest maximum impact value (0.018), see Table 5.3. In this example, when
non-normalized social impact values were used, the optimizer reduced the impact of all stakeholders to less than one because the maximum impact of the the farmer community and consumers is
less than one. For reference, the maximum relative impact for the optimal solution is the DERG
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(relative impact of 0.410) and the minimum relative impact was facility workers (relative impact
of 0.086).
Ideally, these two objectives would be used together to find an optimal solution that maximizes synergistic social impacts while minimizing the difference between the impacts of different
stakeholders. The optimization problem formulation was created for Combined Stakeholder Management is
min J(x) = 0.4
x

µSyn. (x)
µMD (x)
+ 0.6
|µMD min. |
|µSyn. min. |

µMD (x) =µ Max − µ Min
µFUP
µFC
µSynergistic (x) = − (
+
+
µFUP max. µFC max.
µFW
µC
+
)/4
µFW max. µC max.
µIRFC
µFUP
µFC
,
,
µ =[
,
µFUP max. µFC max. µIRFC max.
µFW
µC
µDERG
,
]
,
µFW max. µDERG max. µC max.

(5.21)

s.t. µAll (x) ≥ 0
tGroup ≤ 4 nDays tPeeling Hours
nWorkers/Peeler ≤ 3
where µMD min. is the optimal value found using Equation 5.19 and µSyn. min. is the optimal value
found using Equation 5.20. Weights are applied to emphasize

5.5

Results
The results discussed in this section include exploring and interpreting the social impact

results from the example, comparing the results of the different multi-stakeholder strategyes and
peeler configurations, and attempting to decide which of the strategyes is most appropriate for the
cassava peeler example. While the results in this section are specific to the example, they might
also be applicable in other product scenarios.
Before continuing with the results, it should be noted that each of the optimization problem
formulations introduced in Section 5.4.2 was solved using a genetic algorithm. Additionally, to
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Table 5.5: Optimal cassava peeler configurations for each of the multi-stakeholder strategies.

Peelers Per
Machine
Operators
Per Machine
Number of
Machines
Peeling Days
Per Week
Peeling
Hours Per
Day
Farmer
Preference
Maximum
Diameter (in)
Minimum
Length (in)
Maximum
Length (in)
Down Speed
(in/sec)
Up Speed
(in/sec)
Optimal
Value

Product
Development

Traditional
Business

3

2

11

Justice
Theory

Feminist
Ethics

Corporate Social
Responsibility

Stakeholder Management
Synergy
Min. Diff.
Combined

3

6

1

3

3

3

7

11

12

3

11

11

11

6

2

6

1

3

6

1

1

5

5

5

5

5

5

5

5

7

8

8

8

8

7

8

8

Small Land

Small Land

Small Land

Affluent

Small Land

Large Land

Affluent

Impoverished

7.57

7.97

7.86

7.90

7.97

7.91

7.97

7.40

3.87

3.01

3.53

2.71

2.87

3.95

4.54

2.51

14.75

14.00

14.03

14.00

14.00

13.23

9.81

10.62

0.95

1.49

0.65

1.49

1.47

0.93

0.38

1.29

1.06

1.11

1.25

0.92

1.38

0.72

0.86

0.70

-22.577

-R$60,065

-0.074

-0.629

-1.373

-0.574

0.324

0.132

Table 5.6: Social impact calculations for each multi-stakeholder strategy. Strategies are shown in
each column and the resulting impacts for each stakeholder are read in each row.

Farmers
Using
Peeler
Farmer
Community
Consumers
Facility
Workers
IRFC
DERG
Total
Impact
Machine
Cost
Economic
Return
Total
Farmer
Users

Product
Development

Traditional
Business

11.003

10.733

0.003
0.139

Justice
Theory

Feminist
Ethics

Corporate Social
Responsibility

Stakeholder Management
Synergy
Min. Diff.
Combined

10.856

10.208

9.650

9.627

5.771

5.940

-0.0125

0.0028

0.0001

0.0047

0.0056

0.0069

0.0074

0.149

0.139

0.151

0.131

0.186

0.042

0.0480

34.151

8.463

34.358

5.464

6.442

30.159

3.936

3.789

0.126
2.083

3.922
2.861

0.128
2.083

2.107
3.389

4.886
2.167

0.112
2.083

3.425
1.389

3.242
1.389

47.506

26.115

47.567

21.319

23.281

42.172

14.570

14.416

R$71,823

R$15,922

R$71,655

R$ 23,882

R$11,941

R$71,467

R$ 11,778

R$11,809

-R$973

R$60,065

-R$791

R$46,713

R$56,781

-R$5,275

R$ 39,844

R$37,722

51

53

51

49

48

45

33

31
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Table 5.7: Land size distribution for farmers who use the peeler in each stakeholder strategy.
Land Size
(hectares)
<0.1
0.1-0.5
0.5-1
1-5
5-10
10-20
20-30
>30

Product
Development
2
9
0
21
9
10
0
0

Traditional
Business
2
9
0
22
10
6
4
0

Justice
Theory
2
9
0
21
9
3
7
0

Feminist
Ethics
1
8
0
19
10
10
1
0

Corporate Social
Responsibility
2
9
0
21
7
9
0
0

Stakeholder Management
Synergy
Min. Diff.
Combined
2
1
2
5
8
8
0
0
0
13
21
15
12
3
5
9
0
1
3
0
0
1
0
0

Table 5.8: Distribution of current incomes for farmers who use the peeler in each stakeholder
scenario.
Current Income
(R$)
<100
100-250
250-500
500-750
750-1000
1000-1250
>1250

Product
Development
27
11
4
3
0
5
1

Traditional
Business
28
12
4
3
0
5
1

Justice
Theory
27
11
4
3
0
5
1

Feminist
Ethics
12
14
7
6
0
8
2

Corporate Social
Responsibility
26
11
3
2
0
4
2

Stakeholder Management
Synergy
Min. Diff.
Combined
28
14
15
11
11
11
3
2
4
1
2
0
0
0
0
2
3
1
0
1
0

ensure that global optimal solutions were found, the solver was run multiple times for each of the
multi-stakeholder strategies.

5.5.1

Social Impact Results
There are two stakeholder groups that share the largest social impact value across each

strategy. In each strategy, either the farmers using the peeler or the facility workers have the largest
social impact value. Farmers using the peeler have the largest social impact value for four of the
strategies (Business Case of Sustainability, Femenist Ethics, Corporate Social Responsibility, and
Minimum Difference Stakeholder Management) and facility workers also have the highest social
impact value for four strategies (Product Development, Justice Theory, Synergistic Stakeholder
Management, and Combined Stakeholder Management). Similarly to the lowest social impact
values, it is not surprising that these two groups have the largest social impact values. First, these
two stakeholder groups have the largest first and second largest maximum social impact values,
see Table 5.3. Second, these stakeholders are included in many of the problem formulations.
Farmers using the peeler are included in every product formulation except for Business Case of
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Table 5.9: These are the social impact values that have been normalized by dividing each
stakeholder’s social impact by their maximum social impact value.

Farmers
Using
Peeler
Farmer
Community
Consumers
Facility
Workers
IRFC
DERG
Total
Impact
Machine
Cost
Economic
Return
Total
Farmer
Users

Product
Development

Traditional
Business

0.779

0.760

0.156

Justice
Theory

Feminist
Ethics

Corporate Social
Responsibility

Stakeholder Management
Synergy
Min. Diff.
Combined

0.769

0.723

0.683

0.681

0.409

0.421

-0.708

0.156

0.007

0.266

0.314

0.389

0.421

0.481

0.515

0.481

0.521

0.453

0.640

0.145

0.166

0.747

0.185

0.752

0.120

0.141

0.660

0.086

0.083

0.010
0.615

0.306
0.844

0.010
0.615

0.164
1.000

0.381
0.639

0.009
0.615

0.267
0.410

0.253
0.410

2.788

1.901

2.782

2.535

2.563

2.919

1.706

1.752

R$71,823

R$15,922

R$71,655

R$23,882

R$11,941

R$71,467

R$11,778

R$11,809

-R$973

R$60,065

-R$791

R$46,713

R$56,781

-R$5,275

R$39,844

R$37,722

51

53

51

49

48

45

33

31

Sustainability and the facility workers are only not included in Business Case of Sustainability and
Feminist Ethics Stakeholder Theory.
Across all strategies, there are some consistent results for which stakeholder groups had
the greatest social impact and which stakeholder groups are the least impacted. In all the strategies
introduced in this paper, the farmer community has the lowest social impact. Their lowest impact
value comes from the Business Case of Sustainability strategy where the farmer community is
negatively impacted and has a social impact value of -0.0125. Although, it is not surprising that this
group is the least impacted in all strategies, as this group has the lowest maximum social impact
value (0.018), see Table 5.3. The largest impact of this group is from Synergistic Stakeholder
Management with a social impact value of 0.0117.

5.5.2

Multi-Stakeholder Strategy Comparison
As the optimal values for each multi-stakeholder strategy are not easily comparable be-

cause they are calculated using unique optimization problem formulations, the multi-stakeholder
strategies will be compared based on the differences and similarities in their cassava peeler configurations.

126

First, there are some design variables that have consistent values for most strategies and others that vary significantly between strategies. The variables that remain nearly constant throughout
all strategies are peeling hours per day, peeling days per week, and maximum diameter. It seems
that each peeling machine was optimized to operate for the maximum number of hours within
the constraints. This ensures that the peeler processes the maximum amount of cassava for of its
design. Additionally, most strategies choose a maximum allowable diameter that is not a limiting
factor for which cassava can be peeled. All strategies, except Synergistic Stakeholder Management, are capable of peeling all but one cassava from the sample of 150 cassavas, according to
diameter. The largest diameter measured was 8 inches and all strategies approach 8 inches for
maximum diameter, except for Synergistic Stakeholder Management.
The remaining variables all seem to change depending on which multi-stakeholder strategy
is selected. Some variables that can help explain the difference between the strategies are the
minimum cassava length, maximum cassava length, and maximum allowable cassava diameters.
There seems to be a consensus between five strategies (Product Development, Business Case of
Sustainability, Justice Theory, Feminist Ethics, and Corporate Social Responsibility) that around
14 inches is an appropriate maximum length. This means that all roots over 14 inches will need
to be cut in half and peeled one at a time. Compared to the maximum possible length (17 inches),
a maximum length of only 14 inches requires more prep time on average between peeling cycles
to cut the longer roots which adds more labor for the facility workers. Each of these strategies
handles the extra work by having more workers, more peelers, and/or lower peeling and resetting
speeds. Specifically, Feminist Ethics employs the most workers of all the strategies to help cut and
prepare roots faster. Product Development and Justice Theory employ a lot of workers and have
a lower peeling and resetting speed than the other strategies. Business Case of Sustainability and
Corporate Social Responsibility reduce the number of peelers, so that fewer cassavas have to be
prepared between each cycle.
The three most unique peeler configurations belong to Stakeholder Management. Synergistic Stakeholder Management uses a large number of peelers (18 total), but operates them at a
lower speed (0.932 in/sec peeling, 0.72 in per/sec resetting). Furthermore, peelers are operated
for 7 hours a day instead of 8. To help understand why Synergistic Stakeholder Management has
chosen this solution, it is helpful to observe the social impacts as the strategy does, relative to max127

imum stakeholder impacts. Table 5.9 shows the social impacts to each stakeholder in each strategy,
relative to their maximum social impacts shown in Table 5.3. Using the results in Table 5.9 is can
be seen that Synergistic Stakeholder Management has high values of relative impact for farmers
using peelers (0.681), consumers (0.640), and facility workers (0.660). It seems that these high
relative social impacts come at the cost of having a low relative impact on the IRFC, which has a
relative social impact of only 0.009. Since the peelers operate at slower speeds and the maximum
cassava length is still rather long (13.23 inches), this means that the peelers are not running slower
to compensate for more work, but are running slower to increase the social impact on the facility
workers by having them do less work for more pay.
Based on the results shown in Table 5.9, the farmer community is not as synergistic as
initially assumed. The impacts of the other three groups (farmers using the peelers, consumers, and
facility workers) tend to be aligned and have similar relative values. In this example, synergistic
groups were chosen based on their optimal peeler configurations, but in this case a better approach
might have included determining synergistic stakeholders using their relative social impact results.
Minimum Difference Stakeholder Management, by itself in this example, does not produce
a very viable peeler. It has the lowest operating speeds, the shortest maximum length, and the
largest minimum length. It seems that the objective, instead of being able to find a suitable solution
that also manages to maintain relative equality between each stakeholder’s social impacts, it found
the best solution by reducing the net social impact. Although not very useful for this example, in
more cooperative situations or when social impact values more closely align, this objective might
be more useful.
The Combined Stakeholder Management strategy achieves the intended goal of combining
the Synergistic and Minimal Difference objectives to create a more equitable solution. As stated
earlier, the larger relative impacts for the Synergistic strategy came at the cost of the impact to
the IRFC. The peeler for the Combined objective is very similar to the Synergistic and Minimal
Difference peelers. Compared to the Synergistic peeler, there are fewer machines, one more hour
working each day, smaller minimum and maximum cassava lengths, and higher peeling speed.
Since there are less peelers, the operating speed is increased and an hour is added to the working
day. The main difference between the Minimum Difference peeler and the Combined peeler is
that the peeling speed is much higher. These changes help improve the impacts of the synergistic
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stakeholder groups when compared to the Minimal Difference strategy and create a more equitable
solution when compared to the Synergistic strategy by improving the impact to the IRFC see Table
5.9.

5.5.3

Profitability Results
There are some strategies that make profits and others that lose money. The strategies that

have the most expensive machines (Product Development, Justice Theory, Synergistic Stakeholder
Management), are the strategies that have negative economic returns. Importantly, the economic
return values in Tables 5.4 and 5.6 are the returns after the first year, including the machine cost.
This means, assuming farmers continue to use the machine at the same rate, that the profits for the
second year and beyond would be comparable to the profits for Business Case of Sustainability.
Although Business Case of Sustainability has the highest first-year economic returns, it is the only
strategy that has a negative impact on a stakeholder group, farmer community. If there is funding
and support to purchase a more expensive peeler system, then there could be both high profits
and greater social impacts for the other groups by using the peelers configurations found using the
Product Development, Justice Theory, or Synergistic Stakeholder Management strategies.
An argument could also be made that the peeler design for Corporate Social Responsibility
makes is the most financially sustainable choice. It is the second most affordable design, behind
Minimum Difference Stakeholder Theory, but also manages to have the second highest first year
profits. The peeler design for Corporate Social Responsibility would be easy to maintain, as there
are only three peelers total, easier to staff since there are only 9 workers, and easier to work with
the preferred farmers since most farmers have small land and, with the help of transport vehicles,
can more easily transport their cassava to and from the cassava processing facility.

5.5.4

Identifying the Best Strategy for the Cassava Peeler
There are many ways that a designer could decide which of the strategies introduced in

this paper should be used for a product. First, the designer could decide which strategy aligns the
most with the purpose and objective of their organization. Each strategy has unique principles and
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objectives that can help designers and organizations discern which is most appropriate for their
product.
For the example in this paper, the peeler option that would likely be chosen is the optimal
configuration for Corporate Social Responsibility. This peeler is one of the most affordable options, is profitable in the first year of operation, and has a relatively equitable impact across all
stakeholders. As stated earlier, the fact that this configuration is the second most affordable and
second most profitable helps make this peeler an attractive option. If desired, these profits could
be put towards increasing the number of peelers in future years. Furthermore, this option does not
focus its impact on a single stakeholder group and the least relatively impacted stakeholder group,
facility workers, could have an increased impact over time. If more peelers are bought, then more
facility workers would also be employed, increasing their social impact.

5.6

Conclusion
This paper introduced eight optimization problem formulations that focus on improving a

product’s social impact on multiple stakeholders. These problem formulations were inspired by
current product development practices, current business practices, and multi-stakeholder theories
present in existing economics and business management literature. These strategies were used to
create eight cassava peeling machine designs that approach the multi-stakeholder problem introduced in the example in different ways. The strategies were compared based on the results of the
example and the optimal strategy identified for the cassava peeler was Corporate Social Responsibility.
Products have a social impact on users and other stakeholders, regardless of whether the
designer intends for them or not. Part of the reason that this paper includes many strategies is to
highlight that any product, while still in development, has many possible future states and potential
impacts. The optimization problems in the example did not change the overall concept of the
cassava peeler, but did create different social impact outcomes on all stakeholders.
Using current engineering practices, a designer might make product decisions based on
engineering performance or cost. In many instances this would be an appropriate approach, but
when designing a product with the intent to positively impact certain individuals or society, it
can be difficult to understand how their design choices will affect a product’s social impact. The
130

optimization problem formulations introduced in this paper can help a product designer define what
multi-stakeholder social impact strategy best suits their objectives and create an optimal product
design.
As this paper introduces new optimization problem formulations and a new method of optimizing engineered products, there is, understandably, potential for future work. First, more work
could be done to better understand how weights for impact indicators, social impact categories,
and stakeholders should be chosen. In this paper, it is up to the designer to decide how the weights
are applied, but a more systematic approach could be helpful. In the example, social impact categories were assumed to be equally important and equal weights were used. In practice, there might
be specific impacts or impact categories that are most important. Additionally, a long-term study
that compares predicted impacts to observable impacts would help engineers and designers understand how to create better models and make better predictions about a product’s social impacts.
Additionally, there is potential in exploring other multi-stakeholder strategies and different social
impact frameworks. This paper only introduced some of the strategies that exist in economics and
business management literature. Additional strategies could come from other disciplines or could
be created by combining components of multiple strategies. Furthermore, a systematic method for
comparing multi-stakeholder strategies could help decide which is most appropriate in different
scenarios. In this paper, Corporate Social Responsibility was chosen based on financial considerations. A method of comparing strategies could also help lead to more standardized strategies and
optimization problem formulations.
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CHAPTER 6.
THE CO-DESIGN OF A SEMI-AUTOMATED CASSAVA PEELER WITH
THE ITACOATIARA RURAL FARMING COOPERATIVE

6.1

Introduction
Co-design, also known in the literature as participatory design, is a collaborative process

that encourages the participation of diverse individuals and stakeholders in finding solutions to
difficult problems [184, 185]. The purpose of participating in a co-design approach is to design
a product with its stakeholders, thus leveraging their understanding and experience, rather than
designing for stakeholders [186].
Studies have pointed to co-design as a means of improving product’s sustainability outcomes [134], improving product adoption [187], and improving the ability of a product to affect
global development [187–189]. These studies often involve design exercises that demonstrate how
to encourage non-designers in a community to help generate product or service ideas [185]. In
his book Co-design As Collaborative Research Zamenopoulos stated that “co-design is becoming
important in the face of complex social, political, environmental, educational and technological
issues, where no one person has the knowledge and skills to understand and solve them” [190].
Co-design has the potential to help product designers in the field of Engineering for Global
Development (EGD) avoid some of the common problems and pitfalls [37]. More precisely, codesigning with local stakeholders can help product designers acquire the contextual understanding
necessary to make better product decisions [37, 187]. Additionally, using co-design, product designers can learn more about their customers and users by working directly with them throughout
the development process [37, 187].
Although co-design might be able to assist in the development of EGD products, there are
some difficulties in using co-design for designing all EGD products, especially when working with
cross-border communities and users. Co-design strategies often require participating in design activities with the community where the product will be used [185]. When the community members
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where the product is used and product designers do not live in the same country or if the community is especially remote, it might be difficult or expensive for the designers and community
to work together [187]. In this case, EGD product designers would benefit from an adaptation
of current co-design practices that allow product developers to physically interact with the local
community less frequently while still benefiting from the contextual understanding and resources
of the community.
The current EGD co-design literature is often focused on single activities or design workshops in which designers have participated with non-designers to help generate ideas for new
products [188, 191, 192]. These articles show the growth of co-design in EGD, but because they
focus on a design activity it is still difficult to know how to apply co-design principles throughout
the product development process.

6.2

Cassava Peeler Project
This chapter presents the experience, from the author’s perspective, of co-designing a cas-

sava peeler with members of the Itacoatiara Rural Farming Cooperative. This project started in
summer of 2018 and is still ongoing. Currently, the peeler is in field testing with the farming
cooperative with plans to perform large-scale tests on farms in the coming months.
The purpose of this chapter is to give details of the co-design effort without having to
simplify the experience to match a method or abstract the experience to generalizable principles.
This chapter is written for engineers who might be interested in implementing co-design in a crossborder project and others who might be interested in the specifics of the process used to design the
cassava peeler.
This chapter is organized according to the timeline of events, see Figure 6.1. The details
of each trip to Brazil as well as the work completed between trips are included. The names of the
Brazilian team members have been changed.

6.2.1

Trip 1: Identifying the Problem to Solve
In May 2018, Phillip and another student visited Itacoatiara, Brazil (a city 3 hours from

Manaus, the capital of Amazonas) on an exploratory research trip. The purpose of the trip was
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Figure 6.1: Overview of the timeline for the development of the cassava peeling machine.

to find a new project for their research group. On this trip, Phillip met with several individuals
in Itacoatiara that were either working on solving a problem or had identified a problem that they
thought could be helped by the efforts of engineers from the US. One of the people Phillip met on
this trip was the president of the Itacoatiara Rural Farming Cooperative, Armando.
During their initial meeting, the author discussed his group’s intention of partnering with
an individual or organization in the community to help solve a local problem using their abilities
in engineering and product development. Armando proposed several different possible problems
for them to work on, including cassava peeling and fruit pulp production.
Cassava is an important staple food in Brazil and other developing countries. Originating in
the Amazon region, cassava feeds more than 800 million people around the world [193]. In Brazil,
a large amount of cassava produced is processed into farinha, a meal made from toasted ground
cassava, see Figure 6.2. Farinha is not only an important cultural food in Brazil, especially in the
Amazon, but is a product that is produced by many smallholder farmers in Brazil. In the state of
Amazonas, there are over 30,000 smallholder farmers (own less than 10 hectares) who produce
farinha [143]. Armando had the idea of creating a farinha production facility in the area that would
be able to produce farinha that could be sold to local schools and grocery stores in the area.
A recent Brazilian regulation requires that all farinha sold in grocery stores and consumed
in schools must pass quality control tests. Among other things, these tests ensured that there was
an acceptable level of contaminants in the farinha. At the time, there was no farinha production
facility in the city that could pass these tests due to low sanitation levels and because there was no

134

Figure 6.2: On the left is a low quality non-uniform farinha with impurities (circled) and on the
right is a high quality uniform farinha.

financially sustainable way for cassava to be peeled to the required quality. Any peel that is not
removed prior to processing will turn black when cooked and will be classified as contamination.
In the following fall, Phillip continued to discuss the project with Armando. Armando was
sent questions by the development team about the cassava farmers in the area and what they might
want in a cassava peeler. Armando was prompt with his responses and helped the team establish
an initial set of requirements.
1. The peeler is safe to use
2. The peeler peels quickly
3. The peeler removed minimum of the cassava flesh
4. The peeler removes the cassava skin
5. The peeler is simple to use
6. The peeler is inexpensive to build
7. The peeler is simple to setup
8. The peeler is inexpensive to use
9. The peeler is easy to build
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Furthermore, the development team created the following project objective: Design a robust, sustainable cassava peeler which can peel 1 hectare worth of cassava (∼40,000 kg) in a
month’s work using two workers, that improves working conditions, makes the group money, and
has a positive impact on the local community.
At this point in the process, the team wanted to understand what type of machine could
best suit farmers’ needs. The team would contact Armando on a regular basis to ask questions
and share their research. The development team shared images and videos of the machines they
found online to understand why these machines were not already used by farmers. At one point,
Phillip and Dr. Mattson were contemplating purchasing one of the common types of machine, a
large tumbler with metal brushes, for Armando to use. Armando replied by saying that similar
machines existed in the area, but were not used because they were not capable of peeling cassava
very well. In Brazil, the most common type of machine uses a tumbling drum lined with abrasive
brushes or blades to slowly remove the cassava peel after multiple cycles. Armando stated that
these machines are capable of removing the outer brown skin but are not able to remove all the
hard inner skin, which must also be removed to create farinha and other cassava products. After
this initial information was obtained, it was decided that more information on cassava and the local
context was required before a cassava peeler could be developed. Once this decision was made,
the team focused on preparing for a second trip to Itacoatiara.
At the beginning of the process, the development team was candid about why they wanted
to work with Armando on the project. First, the development team wanted to create a solution that
would have a lasting impact on farmers who use the peeler and other people in the area. In addition,
as researchers, they wanted to learn more about working with people in different countries to create
solutions to difficult problems. Finally, the team asked Armando to help them meet cassava farmers
to better understand how cassava is currently harvested, peeled, and processed.
During the preparation for the second trip, Armando informed the development team that
he would introduce them to farmers and other professionals in the area who could help answer
their questions and were also interested in helping with the project.
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6.2.2

Trip 2: Data Gathering and Team Organization
The main objectives of the second trip to Itacoatiara were to learn more about cassava

from farmers and experts, understand current cassava processing practices, meet the rest of the
co-design team Armando had assembled, capture any ideas they had for the cassava peeler, and
test some initial concepts.
On the first day in Itacoatiara, Armando introduced the team to Maria, who works with a
government agency to help improve the conditions of farms in the state of Amazonas. The year before, Maria helped another community in Tefé improve their cassava processing practices and make
a farinha that could be sold in supermarkets. Although she helped them create a more hygienic process, she also did not have a solution for peeling cassava besides hand peeling. Throughout the rest
of the development process, the team would continue to ask Maria any questions they had about
cassava and cassava processing.
Later in the trip, the development team visited the farm where the co-design group would
use to plant a crop of cassava and build a hygienic cassava processing facility. They were impressed
with the farm and how much space would be available for planting. On another day, the farmer
took the group to his brother’s farm where they were able to harvest some cassava and peel the
cassava by hand.
Throughout the trip, the team was constantly enlisting members of the co-design team
and others to share their ideas about how they believe that a machine should peel cassava. A
cassava peeling machine, similar to the machines that the development team had shown Armando
before the trip, was only seen once on the trip while visiting EMBRAPA, the Brazilian Agricultural
Research Corporation. When the team asked about the machine, they said that it could indeed
remove only the outer brown skin and not the tough inner skin.
At the end of this trip, the development team decided to test some of their initial ideas
peeling cassava. A simple machine was built using a drill to hold and rotate the cassava so that
different cutting tools could be tested to remove the brown bark and the inner skin. During these
initial tests, it was found that tools with a knife edge could easily remove the skin, while also
not filling with bark or pieces of tough cassava skin, see Figure 6.3. Other types of peeling were
attempted, such as shredding the cassava and separating the peel from the cassava flesh. These
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Figure 6.3: Initial results from tesing different tools to peel cassava roots.

initial tests were important to help guide the development team in brainstorming different peeling
machine concepts once they arrived back in the US.

Designing and Building Prototype 1
From the end of the second trip to Itacoatiara until returning in February of 2020, the development team worked to develop, design, and build a prototype cassava peeler. Shortly after
returning, Phillip conducted a brainstorming session with other engineers in the research lab to
come up with different potential cassava peeling machine designs. The engineers in the brainstorming session were briefed about cassava, current processing practices, observations made on
the trip, and the cassava peeling results. In addition, cassava was purchased from a local supermarket and brought to help those who had not visited Brazil understand what the machine would have
to peel.
In this brainstorming session, 100 different design concepts were created. Similar designs
were grouped until 30 unique cassava peeling machine concepts were identified. These 30 different concepts were ranked according to their assumed feasibility, cost, durability, safety, potential
cutting speed, and effectiveness of removing cassava’s brown bark and inner skin. When necessary, simple tests were performed on locally purchased cassava to determine whether the concept
seemed viable. For example, a concept that involved the use of pressurized water was tested to
observe how well it could remove the skin. The final concept selected from the results of the brainstorming session was a cassava lathe. As the cassava rotates, a guided blade moves up the cassava
and removes the outer and inner skin.
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Figure 6.4: A snapshot from the video produced by the development team to share information
about the first concept prototype with the local co-design group.

After narrowing the concept down to the general idea of using a blade to peel a rotating cassava, the development team wanted to show their idea to the local co-design team to get feedback
on the initial concept. A simple prototype was built using off-the-shelf potato peelers attached to a
rotating table, see Figure 6.4. As the table rotates away from the users, the machines begin to peel
the potatoes. Once the next set of potatoes is prepared and the other potatoes have finished peeling,
the table rotates back, and the cycle repeats. The team produced a video explaining the concept
with the simple prototype that peeled potatoes and sent it to the members of the co-design team in
Brazil to get feedback on their idea. Generally, the co-design team thought it was an interesting
idea, but were concerned that the blade would not be strong enough to peel the thicker cassava bark
and inner skin. The development team explained that they were confident that they would be able
to peel deeper with a different blade design.
Importantly, at this point, the development team identified a problem with the process by
which they planned to develop the cassava peeler. Phillip realized that the cassava they could buy
in the United States was of much poorer quality. In the stores they visited, it was common for them
to find rotten or dry cassava. Additionally, each cassava had a layer of wax applied to the bark.
Although the team realized that these differences could affect their prototype testing in the US, it
was assumed that these influences would be negligible. The team assumed that if a machine could
peel the cassava available in the US, then it could also peel the cassava in Brazil.
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After completing the design and construction of a full prototype, they would bring it to
Brazil to demonstrate the concept to the co-design team. While in Brazil, the development team
would participate in co-design activities with the rest of the group and collect feedback and ideas
on how to improve the machine. The development team would then return to the United States
with the ideas gathered and design and build an improved machine that would then be delivered
the following year. Whenever necessary, the development team could contact the co-design team
to clarify any doubts, ask questions that would arise, and show their progress in designing and
building the peeler.
During this time, internal struggles within the local co-design team in Brazil led the farmer
whose land the group used to plant cassava to leave the group. There was a disagreement on how
the farm work should be done, and he felt like the co-design group was not helping enough. It was
difficult for Phillip to get in contact with the members of the co-design team during this time, and
the details of what happened were not clear until Phillip and the others arrived in Brazil. Before
Phillip and others arrived in Brazil, Armando had found another farmer willing to work with the
group, Santos.
The cassava peeler was finished just in time for the trip, see Figure 6.5, but there had not
been enough time to perform large-scale testing. Phillip was confident that the peeler could peel
some cassava, but he was not sure how well it would perform on different shaped cassava or after
many cycles.
The peeling system for this prototype had two main parts: a push arm that was meant to
maintain contact with the cassava throughout the peeling process and a blade arm that positioned
the blade to peel the cassava , see Figure 6.6. In a peeling cycle, the push arm begins at the top
of the machine and moves down until it reaches the top holder, the arm that reaches out to grab
the top of the cassava. Once the push arm is at the top holder, a surface on the top holder pushes
the top holder back and opens the blade arm to position the blade arm and push arm in a correct
position to start peeling the top of the cassava.

Trip 3: First Full Prototype
Once the development team had finished building their full prototype, they brought it to
Brazil for testing. Before testing could be performed, Phillip identified some problems with the
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Figure 6.5: First full prototype after assembly and debugging in Brazil. Prototype 1 had three
vertical towers for the peeling system, top holder, and sensors and only used one motor to move
the blade and rotate the bottom holder.

peeler’s wiring. The peeler’s electronics had been wired to a protoboard, and the peeler was unresponsive. Phillip tried to find where the problem was, but eventually it was determined that the
board had to be completely rewired. This caused the team to lose a day of potential testing and
data collection.
Once the machine was operational, a full day of testing was done with the local co-design
team on Santos’ farm. As should have been expected, the limited test results from the US did not
translate well into field testing. Although many of the machine components (electronics, controls,
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Figure 6.6: Push arm and blade arm on prototype 1. This two spring system was difficult to control
and maintain contact with the cassava, especially at higher speeds.

Figure 6.7: Prototype 1’s electronics were wired on a protoboard that had to be rewired in Brazil.
This caused a lot of issues and led to Phillip purchasing custom PCBs for Prototype 2.

machine frame, bottom holder) were functioning well, the most important system (peeling system)
was not. The main issue seemed that the blade arm needed more force to dig the blade into the
cassava, and the push arm had a hard time maintaining contact with the cassava. The co-design
team worked together to brainstorm possible changes to the machine to improve the peeling results.
Importantly, videos were taken of the peeler for each cassava that was peeled and photos were taken
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of each cassava the team peeled. Later, these data would be used to better understand the variability
of cassava and identify problems with the peeler design.
On the same day as the testing, the co-design team met to discuss a new plan for the
construction of a cassava processing facility. The plan was to construct the facility on Santos’
farm, but the team needed more funds to purchase the building materials after losing money with
the previous farmer team member. The plan was to plant a watermelon crop and use the profits to
purchase fertilizer to plant cassava and to purchase some of the materials for the cassava processing
facility.
Unfortunately, shortly after the development team returned from the trip, COVID-19 lockdowns prevented the development team from continuing testing and building new components for
the peeler. Instead, the development team focused on reviewing the peeling videos to identify the
different failure modes in the current design.
Furthermore, due to lockdowns in Itacoatiara, the local co-design team was unable to visit
the farm to harvest watermelon. The state of Amazonas closed the highway to everyone except
essential traffic; this resulted in the loss of all the watermelon that the co-design team planted.
Between trips 3 and 4, the peeler went through two different redesigns. The first redesign
was intended to add peeling capacity by adding peelers to the system. A version of this peeler
can be seen in Chapter 4. This system consisted of a rotating table with six prep stations and six
peeling stations. Two operators would prepare three cassava roots each and rotate the table to move
the cassava to the peeling stations. While the cassava is peeled, the operators prepare the next set
of cassava roots, and the cycle continues. One of the difficult components of this system was how
to engage and disengage the motors at the peeling stations. A prototype system was designed and
built that used couplers that are commonly used in blenders. However, one of the main reasons
why this system was not utilized is because of how difficult it would be for the development team
to get the machine to Brazil. The development team did not want to have to rely on parts not being
lost when shipped to Itacoatiara, so the machine would have to fit in luggage that could be taken
on an airplane. With the large rotating table, it would have been very difficult to fit the system into
the Pelican cases that are often used by the team.
The second redesign was done because Phillip wanted to enter the 2021 ASME ISHOW
competition. Part of this competition required a business plan for how the product is manufactured,
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sold, and distributed. After reviewing the costs of building the complex multi-peeler system, it was
determined that it would be too expensive and too difficult to build. The system was redesigned
to be a single peeler, similar in many ways to the first full prototype. Over time, several systems
would change to make the machine more reliable and flexible to potential future changes.
After the experience of designing the first full prototype peeler and the difficulties encountered in designing the machine’s peeling system, the team decided that a different approach would
be required. The development team had thought they would return from their third trip, continue
developing the peeler with feedback and test results from Brazil, and deliver the final prototype the
following year. However, it was evident that this strategy would probably not produce a machine
that could peel cassava with a high level of consistency. Instead, the development team proposed
that a machine should be developed that could be left in Brazil to continue testing and development
with the help of the farming cooperative. The testing in Brazil could be done by the local co-design
team under the direction of the development team. New parts would be sent to Brazil based on the
test results of peeling fresh cassava.

6.2.3

Building the Second Full Prototype
Between August 2021 and March 2022, Phillip worked full-time on the development of the

second full cassava peeler prototype. The original timeline involved leaving for Brazil in October
2021 to deliver the second full prototype. However, the week before the trip was supposed to
happen, several components on the peeler were still not fully designed or built, and there had not
been any full system tests completed. Because of this, the trip was postponed until March 2022.
This extra time allowed Phillip to complete the design of all of the systems and to conduct testing
for the whole system. Furthermore, this extra time allowed Phillip to build three copies of the
prototype: one to stay in the US and two more to deliver to Brazil.
There were several systems that required extensive redesigns for the second full prototype.
A breakdown differences and similarities between the first and second full prototypes can be seen
in Table 6.1. The system that went through the most iterations was the peeling system, see Figure
6.8. After returning from trip 3, Phillip spent some time trying to design blades and blade production equipment. After some effort, it was determined that the development team’s design efforts
would be better used in developing the peeler and that instead off-the-shelf blades would be used.
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Table 6.1: Key similarities between important systems and operations for prototypes 1 and 2.
System / Operation
Peeling Concept
Peeling Direction
Blade Control

Prototype 1
Single blade
Down
Push arm, small cantilever
blade control arm

Blade Carriage

Slide, outer ACME screw

Top Holder

Slide and lock, single-pin
dead end, blade control
arm opening surface

Bottom Holder

Triple jaw outer holder

Power Delivery
Control

Single motor, with belt
Arduino Uno
Top and bottom limit
switch
Manual

Sensors
Data Collection

Prototype 2
Single blade
Up
Large cantilever blade
control arm
Rolling, inner ACME
screw
Slide and lock, multi-pin
live end
Triple jaw outer holder,
support pins
Double Motor
Arduino Mega
Top and bottom limit
switch, real time clock
Manual, SD card

After researching the possible option, Phillip decided to use curved blades that are made for apple
peelers. The mechanism for positioning the blade went through many iterations. For prototype 1,
the peeling system used a small blade arm to position the blade and a large push arm to position
the blade arm. This design was meant to be capable of peeling very curved cassava, even cassava
that had a curvature similar to that of bananas, where there would be no material along the central
axis of rotation. On trip 3, it was observed that this extreme curvature was not as common as previously assumed. Therefore, Phillip decided that a more simple and reliable peeling system should
be designed. The next peeling system designed and tested involved a push arm with a blade at the
end. This system was simpler, but had difficulty following more extreme cassava curvatures.
The final peeling system design was inspired by the research Phillip had done on cam
follower systems. After some research, Phillip identified that the peeler system is in fact a cam
follower system where the cam curvature is constantly changing. Because the cam surface is
unknown, the more reliable follower type is a cantilever arm follower instead of a piston spring
system. Cantilever arm followers are able to maintain contact for a wider array of possible contact
angles compared to piston spring followers.
In addition, the peeling operation was changed from peeling cassava from top to bottom to
peeling from bottom to top. This requires the initial blade placement to be done by the machine
operator, but also creates a more reliable peeling operation. Prototype 1 would often not peel from
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Figure 6.8: The peeling system for Prototype 2 was inspired by research on cam follower systems.
The system utilizes a cantilever beam with a spring to maintain contact with the cassava.

the start because the blade was not placed correctly. For prototype 2, the operator can visually
check that the blade is contacting the cassava root before starting the peeling cycle.
Other systems were redesigned, such as the electronics, frame, peeling tower, and top
holder. The main change between the electronics of prototype 1 and 2 is that prototype 2 had
two motors instead of 1. Prototype 1 had a belt and pulley that allowed one motor to rotate the
cassava and more the peeling system up and down. One major downside of using one motor is that
the ratio between cassava rotation and peeler system speed is fixed. Using two motors, the peeling
speed and feed can be tuned more precisely. Also added to prototype 2 are an onboard clock and
SD card module. The peeler logs the length of each cassava that is peeled and when it is peeled.
The frame was designed to include a plate to which the motors would be attached. The
placement of the motors and, therefore, the peeling tower and bottom holder are very important
for the proper operation of the peeler. The motor plate also has holes for securing power supplies,
motor controllers, and the Arduino box.
The peeling tower integrated four components from prototype 1 into a single system, see
Figure 6.9. Prototype 1 had a peeler tower that allowed the peeling system to slide up and down,
an external acme screw that moved the peeling system, a tower dedicated to the top holder, and a
tower for the top and bottom limit switches. On prototype 2, the top holder and peeling system

146

Figure 6.9: Prototype 2 integrates the components of the three towers on prototype 1 (peeler,
sensors, top holder) into one tower.

Table 6.2: Peeling test results before and after new parts designed

Successfully Peeled
Perfectly Peeled

Prototype 2 Before
Improved Parts
95.1%
67.2%

Prototype 2 After
Improved Parts
98.1%
72.1%

share the same tower and the top limit switch is integrated into the top holder. The bottom limit
switch on prototype 2 remains fixed at the bottom of the peeling tower.
Once prototype 2 was built, Phillip conducted testing to test both the efficacy of peeling as
well as the durability of the other systems and components. The results of the peeling effectiveness
for these tests can be seen in Table 6.2. Furthermore, no components broke during testing except
for one of the bottom holder arms that broke as a result of bad controls for the bottom holder motor.
After the successful testing, two more identical peelers were built and prepared for delivery
to Brazil. The two peelers were tested to ensure that they performed similarly to the first peeler.
The peelers were packed in four pelican cases, two large cases for the frames, and two smaller
cases for the electronics and other components.
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Figure 6.10: Phillip assembled the two peelers in their hotel in Itacoatiara.

6.2.4

Trip 4: Delivering Prototype 2
Once Phillip and the others arrived in Brazil, Phillip spent the first two days assembling the

two machines at the hotel, see Figure 6.10. Additionally, the day after arrival, the team drove to a
local friend’s farm to attempt to purchase some cassava for testing. They were able to purchase a
sack of cassava from a neighbor that was used for the initial testing of the two machines.
The machines were tested on the night of the second day at a local friend’s house. Initial
tests were not very good. The brown outer skin flaked off the cassava and clogged the blade
continuously, see Figure 6.11. Furthermore, in the first test of one machine, the bottom limit
switch did not operate properly and the acme screw nut broke through the plastic holder when
the motor did not stop. The next day, the nut was epoxied together with the plastic part. Before
the machines were left in Brazil, Phillip tested the machine to make sure the fixed part was still
functional.
From these initial tests, it was clear that the peeler in its current state had problems removing the outer brown skin. The next day, the team met with Armando on Santos’ farm to demonstrate
the peeler. Because the team knew that the peeler had problems removing the outer brown skin,
the team removed the brown skin from several cassava roots in preparation to show Armando the
peeler. Phillip demonstrated the peeler to Armando and Santos by peeling some cassava without
the outer brown skin and with the outer brown skin. Additionally, Phillip showed Armando some
of the machine’s internal components. Armando told the team that he would be conducting a class
148

Figure 6.11: The brown cassava skin was found to be very flaky and tended to clog the blade.

for some farmers over the next two days and that we could also have access to more cassava there
and show the machine to more farmers.
The next two days Phillip conducted more peeling tests with one of the peelers. Interestingly, the cassava that was brought to Phillip for testing was a variety of cassava that had thinner
outer brown skin. This variety was easier for the peeler to peel than the variety that the team had
tried to peel earlier in the week, and the peeler was able to successfully peel the cassava with the
brown skin still intact. Also, during this time, Phillip was introduced to Bruno, the person who
would be responsible for the peelers after Phillip and the others returned to the US.
On both days that Phillip was testing, he showed farmers how the peeler removes the cassava peel and how it still has some issues that are being addressed. Each farmer was asked if they
had any ideas on how to improve the peeler. Many farmers thought that if there were more points
on the top and bottom holders, then the cassava would be more secure in the machine. Some farmers also had the idea of opening the scoop behind the blade more to allow more space for the peel
to escape.
On the second day of testing on the farm, Phillip trained Bruno on how to use the peeler.
Phillip also talked to Bruno about the changes that the farmers had suggested. Bruno thought that
these changes might help to improve the peeler as well. In preparation for sending new parts in the
future, Phillip showed Bruno how to replace some of the parts that he thought might be changed
in a redesign of the bottom holder and top holder. Phillip also showed Bruno how to replace the
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Figure 6.12: The assortment of spare parts and tools left with the two peeler prototypes in Brazil.

blades and provided Bruno with some training documents that he could use to teach other farmers
how to use the peeler.
Before delivering the machines to the farming cooperative office, Phillip organized the
spare parts he brought to leave with the machines. In these parts were spare nuts, bolts, some
plastic parts, lubricant for the acme screw, and an assortment of other parts, see Figure 6.12.

6.2.5

Sending New Parts to Brazil
Once the development team returned to the United States, they began redesigning parts of

the bottom holder system, the peeling system, and the top mount system according to the feedback
collected on the trip. The redesign of the bottom plate included changing the geometry of the teeth
used to clamp on to cassava roots and adding points to the base plate to help stabilize the cassava
roots as they are peeled. The top holder redesign modified the point of contact with cassava roots
to include multiple points of contact with a rotating part instead of a single point of contact on a
non-rotating part. Finally, the redesign of the peeling system included a blade scoop that had more
clearance for the peel to exit through the blade scoop.
Initial tests were carried out with the redesigned parts on the peeler that was still in the
US. The tests showed moderate improvements to the peeling consistency and perfect peeling rates,
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see Table 6.2. Once the parts had been sufficiently tested, they were shipped to Brazil. The parts
arrived within two weeks of being sent from the US and had no problems getting through customs.
While Phillip was working on designing and building the new parts, Armando and Bruno
conducted their own tests and demonstrated the peeler at a local fair. Once the parts arrived, it took
a few weeks to coordinate a time that worked with Phillip, Armando, and Bruno to get the new
parts on the machines. Currently, Armando plans to deliver the peelers to a farm he knows will
harvest cassava for large-scale testing.
Also, it is noteworthy that the peeler was a finalist in the 2022 ASME ISHOW competition
under the name the Farmer’s Peeler.

6.3

Conclusions
This chapter described Phillip’s experience in co-designing a cassava peeler with members

of the Itacoatiara Rural Farming Cooperative. It should be stated that the development team did
not start the design process with a full understanding of how to utilize co-design in a large-scale
project like the cassava peeler. The initial plan was to create a machine in the United States that
would sufficiently peel cassava without having to do further testing in Brazil. Later in the process,
the development team realized that a machine could not be designed in the United States without
access to fresh cassava roots. Potentially, if the development team had initiated the project with the
idea of leaving peelers in Brazil or pivoted to this strategy earlier in the process, the development
of the peeling machine would be farther than it currently is.
However, a discussion on the development of the cassava peeling machine cannot be complete without acknowledging the effects of the COVID-19 pandemic and lockdowns. Lockdowns in
Brazil and the United States delayed development efforts and hampered plans for the construction
of a cassava processing facility. Although these were certainly setbacks for the machine’s testing
and implementation plans, the authors believe that the co-design group showed their commitment
by maintaining their contact and continuing the development of the cassava peeling machine.
Additionally, having machines in Brazil enabled the development team to have quick design
iterations. When comparing the development time for redesign 2 and the new parts designed and
shipped to Brazil, the cassava peeling machine, parallel co-design reduced the development time by
62.5%. It took the development team 8 months to redesign the cassava peeling machine and get test
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results, and it only took 3 months for the development team to redesign some of the components
and have the local co-design team conduct tests in Brazil. While the machine redesign was more
extensive, prototype 2 shared many of the components and systems with prototype 1, see Table
6.1. If the development team had initiated their design process with the idea of leaving peelers in
Brazil, then many more component and system designs could have been tested in the same time it
took to redesign them for prototype 2.
Even though the purpose of this chapter was to present Phillip’s experience in a co-design
process, there are lessons that are applicable to other long term co-design projects.
First, it is important to develop prototypes that can be used in the local context early in
the process. If possible, prototype testing in the local context should continue even when the
engineers are not visiting the location. There are several ways that this can be done. For example,
a prototyping platform can be left with local partners to test. Another possible solution is to send
new prototypes to local partners to test in between the engineer visits. If prototypes are only
tested in the local context when the engineering team can visit, engineering decisions will be made
without proper test results. This can lead to expensive design changes late in the development
process.
Second, it is very important to have local partners that are committed to solving the problem. Product development is iterative and can exceed the patience and resources of those who are
unable or unwilling to remain committed to a project. In addition, the engineering team is likely
to require multiple trips to better understand the problem, test solutions, and implement a product.
Without local partners who remain constant throughout the development process, it is unlikely that
an adequate product solution will be produced.
Third, define how co-design will work with the local partners early in the process. With
the cassava peeler, Phillip started without a clear understanding of how exactly he would involve
the local partners in the development process. Overtime, local partners like Maria and Armando
served as guides and liaisons during trips to Brazil and while Phillip and the others were in the US,
Maria and Armando were important resources for getting clarification and providing feedback on
prototypes. Potentially, if a clear structure to the co-design process had been initiated with the local
partners, they could have been more involved in making product related decisions. Furthermore,
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the increasing prevalence of remote video conferencing tools has the potential to increase the
involvement of local partners in the development process.
Co-design has been shown in other publications as a possible strategy for developing engineered products [191], but long-term studies have not been shared in the literature. Detailed
long-term studies can help engineers learn from the mistakes of others and use processes that can
achieve better results. The hope in sharing Phillip’s experience in designing the cassava peeler
is that others might learn from his experience and create better processes and methods for codesigning products with people in other countries.
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CHAPTER 7.

CONCLUSION

This dissertation presents the author’s research on methods to help engineers identify, predict, quantify, and improve the social impacts of their products. In most cases, this research has
focused on improving methods for engineers working in the field of Engineering for Global Development. In this field, engineers are especially eager to identify and improve the impacts of their
product’s because the underlying objective of many of these product’s is to improve the lives of
people living in developing countries.
Although this research has focused on applications in Engineering for Global Development,
the same principles introduced in this dissertation apply to any product engineers might help create.
In Chapter 3, the example predicted the potential social impacts of an expanded US - Mexico border
wall. While Mexico is considered a developing country, most of the predicted impacts were for
American stakeholders (border patrol agents and local communities). This product was chosen
because of the large potential impact of such a project.
One of the difficulties faced by the author’s research has been access to high quality data.
To create social impact models, demographic data from users and other stakeholders is required
to understand current conditions and make social impact predictions. The author has purposefully
used data available online in databanks and census reports to highlight the how these models can be
created with existing resources. However, the methods and examples presented in this paper would
benefit from more concentrated survey and interview data from the communities and individuals
for whom the social impacts are predicted.
Another difficulty the author faced in creating the methods presented in this dissertation
is in validating the predicted social impacts. In Chapter 3, the author used a sensitivity analysis
to understand how sensitive the social impact values are to the independent variables of the social
impact models. In Chapter 4, the author used a Monte Carlo simulation to find the range of possible
social impact values for each cassava farmer. Finally, in Chapter 5, using the method introduced

154

in Chapter 4, the author used the average social impacts for each stakeholder to find the optimal
cassava peeler configurations. Although this might not seem as precise as the other methods,
the decreased fidelity in the models was necessary to calculate objective values so that a genetic
algorithm optimization approach, which is widely used in engineering design optimization, could
find an optimal solution for each multi-stakeholder strategy. By using an optimization strategy that
is already commonly used in engineering design, more engineers can use the method to optimize
their product’s according to their social impacts on multiple stakeholders.
Much of the research the author conducted was also surrounded by a four year co-design
project, the semi-automated cassava peeler known as the Farmer’s Peeler. The Farmer’s Peeler
served as a research instrument and an example for the research presented in Chapters 4 and 5. The
author’s experience of co-designing the cassava peeler was instrumental in creating these methods,
and an account of the project is given in Chapter 6.
There are six key contributions in this dissertation that advance current practices in the field
of Engineering for Global Development. They are:
1. A product’s social impact is a function of the product and the person impacted
2. When considering a product’s impact, all relevant stakeholders should be included
3. Individual-level social impact models and synthetic populations also allow for population
level social impact analysis
4. The development of an indicator and engineering parameter based social impact models
5. Uncertainty in social impact modeling can be quantified using iterative simulations that determine a range of possible social impact values
6. Multi-stakeholder optimization problem formulations based on existing business and economics philosophies that can help engineers improve a product’s social impacts on multiple
stakeholders
The first of these is that the social impact is a function of the product and the person impacted.
This means that the social impact can change from one person to another based on their personal
characteristics and demographics. For this reason, it is important to predict and measure the social
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impact of a product at the individual-level. Similarly, when considering the social impact of a product, an engineer must include many stakeholders in their predictions. Because the social impact of
a product changes from one individual to another, it often cannot be assumed that all stakeholders,
especially those with different relationships to the product, are equally impacted. Next, individuallevel based social impact models, when combined, also model the social impact of a product on an
entire population. When all of a population is included in a social impact prediction, these social
impacts can be combined to calculate the total social impact of a product on a population. Additionally, the research in this dissertation introduced an indicator and engineering parameter-based
models of a product’s social impacts. This method is first introduced in Chapter 3 and is added
to in Chapters 4 and 5. Using indicators related to engineering parameters and performance, an
engineer can formalize how they are able to influence a product’s social impacts. Next, this research, especially in Chapter 4, demonstrated that there is uncertainty in social impact modeling
but that iterative methods can help capture the range of possible social impacts. Using an iterative simulation, like a Monte Carlo simulation, social impact predictions can be calculated with
confidence intervals. Finally, the research in Chapter 5 presents new multi-stakeholder optimization problem formulations that can help guide engineering decision making when accounting for
multiple stakeholders. In Chapter 5, five new multi-stakeholder strategies were introduced that are
inspired by research in economics and business literature. The problem formulations can be used
in optimization problems, but can also be used to create new design briefs and product objectives.
Much of the research presented in this dissertation is exploratory. The social impacts of engineered products were identified and categorized while the initial research in the dissertation was
being conducted [1]. Thus, the author believes that there is potential for future work to continue
their research on social impact modeling and other research related to the social impact of engineered products. First, research that is able to compare predicted social impacts to observable and
assessed social impacts could help create better social impact models. In the research presented in
this dissertation had to rely on data available in online databanks and census reports, but research
that is supported with surveys and interviews would be helpful. Data collected directly from the
impacted individuals could help engineers calibrate their social impact models and make better
predictions. Social impact assessments are common in social sciences [44, 76, 194] and by partnering with social scientists already planning to conduct social impact assessments of engineered
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products, engineers could avoid the main barriers of collecting survey and interview data. Second,
research could be done to understand why some products have had large social impacts while others have not. Products such as the India Mark II hand pump have had adoption and impact across
multiple developing countries, while many products designed by engineers every year fail to have
a measurable impact on even small communities. What makes one product more impactful than
another and how can this understanding help engineers create more impactful products? Third, the
authors presented a method of co-designing with individuals and communities that are hard for the
engineer to visit, but how could the experience be different if other stakeholders were also involved
in the product development experience? If local manufacturers or distributors who already work
in the community are involved in the co-design of the product, would the development team be
able to make design changes more quickly or start planning for manufacturing and distribution
earlier in the design process? These are only some of the potential future research questions that
the author has found while researching the work presented in this dissertation, but believes that if
they are answered, new possibilities would be created for further researching the social impact of
engineered products.
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